Solvent isotope effect (D2O) in photocatalytic systems by Belhadj, Hamza
  
 
Solvent Isotope Effect (D2O)  
in Photocatalytic Systems 
 
 
Von der Naturwissenschaftlichen Fakultät der 
 Gottfried Wilhelm Leibniz Universität Hannover 
Zur Erlangung des Grades 
 
 
 
Doktor der Naturwissenschaften 
(Dr. rer. nat.) 
 
 
genehmigte Dissertation 
von 
 
Hamza Belhadj, Magistere (Algerien)  
 
2017 
 
 
 
 
Referent: Prof. Dr. rer. nat. Detlef W. Bahnemann 
Korreferent: Prof. Dr. rer. nat. Thomas Scheper 
Korreferent: Prof. D.Phil. Peter K. J. Robertson 
 
Tag der Promotion: 27.10.2017 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Printed with the support of the German Academic Exchange Service 
Declaration 
 
Declaration  
The work described in the current thesis was carried out at the Institute of Technical 
Chemistry. Leibniz University of Hannover under the guidance of Prof. Dr. Detlef 
Bahnemann. I hereby declare that the present work is my own and to the best of my 
knowledge and belief, it contains no material previously either published or written by 
another person, or submitted by another person for the award of any other university 
degree, except where acknowledgement has been made in the text. 
 
 
Hamza Belhadj 
Hannover, 2017  
 
Preface 
 
Preface 
This cumulative dissertation is submitted for the degree of Dr.rer.nat. at the Gottfried 
Wilhelm Leibniz University of Hannover. The research described herein was conducted 
under the supervision of Prof. Dr. Detlef Bahnemann in the Institute of Technical 
Chemistry between October 2013 and October 2017. 
This work is to the best of my knowledge original, expect where acknowledgements and 
references are made to previous studies. The results of the work were published in peer-
reviewed journals and presented in international congresses. The structure of the thesis is 
adapted in the form of “Cumulative dissertation” where experimental investigations, 
figure lists, as well as references were organized according to their appearance in the 
respective publications. 
 
 
Hamza Belhadj 
Hannover, 2017 
 
Acknowledgement 
Acknowledgement 
First and foremost, I would like to express my deepest gratitude to Prof. Dr. Detlef 
Bahnemann for giving me the chance to work under his supervision in such an interesting 
area, for his valuable guidance, inspiring reviews, and stimulating discussions. 
I am appreciative to Prof. Dr. Thomas Scheper and Prof. Dr. Jürgen Caro for their 
kindness of being members of the examination committee.  
I also would like to express my special appreciation to Prof. Peter K.J. Robertson for 
his willingness to be co-supervisor of this work, for many insightful discussions and ideas 
during my research, as well as for his co-authorship in my publications.  
I owe special thanks to Dr. Ralf Dillert and Dr. Amer Hakki for numerous scientific 
discussions and their help in this research area. 
I am also deeply thankful to my colleagues and office mates for their assistance in lab 
related issues and for the very good atmosphere of work. 
I would like to express my deepest gratitude to my family especially to my parents. 
They are devoted to me and always do all they can to help me and encourage me to 
overcome the difficulties. 
Every single day I thank my wonderful wife Kamilia Derradji for her love, support 
and her presence in my life. 
My dear son Eyad I thank for his patience and love. You are the greatest discovery of 
my life. 
Finally, I would like to grateful acknowledge the Deutscher Akademischer 
Austauschdienst (DAAD) for the financial support to perform my PhD. studies in 
Germany. 
 
  Abstract 
Abstract 
There is increasing evidence that water adsorbed on the TiO2 surface plays an 
important role in photocatalytic systems such as photoinduced hydrophilicity, 
photocatalytic degradation and hydrogen production. However, it is important to elucidate 
the role of water on the photocatalytic reaction mechanism of TiO2.  
This thesis presents four original research articles focusing on the mechanistic studies of 
photocatalytic reactions at the TiO2/aqueous solution interface. The main objectives of 
this work are: (i) Investigating the behaviour of surface hydroxyl groups and of water 
adsorption on the TiO2 surface under UV irradiation. (ii) Understanding the interaction 
between H2O/D2O and substrate adsorption, i.e., ethanol and acetate at the TiO2 surface. 
(iii) Determining the role of H2O/D2O adsorption on the reaction mechanism for the 
simultaneous photocatalytic hydrogen production and formaldehyde oxidation over 
platinized TiO2. 
In Chapter 2, the effect of H2O and D2O adsorption on the surface hydroxyl group 
behaviour are investigated before and after UV irradiation using ATR-FTIR spectroscopy. 
Adsorption of H2O with different ratios of D2O on TiO2 revealed that the deuteride ions 
exhibit stronger adsorption ability than hydroxyl ions resulting in an isotopic exchange 
reaction which takes place in the dark. Under UV irradiation, the oxygen molecule seems 
to play an important role for the adsorption of water molecules which in turn increases the 
hydrophilicity of the TiO2 surface. The effect of the presence of hole scavengers (ethanol) 
on water and D2O adsorption behaviour was thoroughly investigated in Chapter 3. This In 
situ ATR-FTIR study showed that in the dark, ethanol can adsorb on the TiO2 surface in 
both molecular and dissociative form. These adsorption forms of ethanol show a stronger 
adsorption capacity compared to water and D2O on the TiO2 surface. Under UV 
irradiation, the typical ethanol bands decreased on the surface while the adsorption of 
water and D2O increased. Several mechanisms regarding the photoinduced charge transfer 
process (adsorption/desorption and photocatalytic reaction) and the thermal process 
(thermal desorption and de-aggregation of particle agglomerates) are discussed. 
In Chapter 4, the interfacial acetate/TiO2 interaction in H2O and D2O together with the 
influence of pH, as well as the formation of reactive species (ROS) on the TiO2 surface 
were extensively studied during UV irradiation by ATR-FTIR and EPR spectroscopy, 
  Abstract 
respectively. Isotopic exchange during the adsorption of D2O on the TiO2 surface led to 
different interactions between acetate and OD groups. The experimental results revealed 
that the interaction of acetate with the TiO2 surface depends strongly on the pH of the 
suspension. EPR studies indicate that the degradation of acetate at higher pH mainly 
occurred by indirect oxidation via hydroxyl radical attack whereas at lower pH the 
degradation of acetate occurs via direct oxidation of surface-bound acetate by valence 
band holes. 
In Chapter 5, the effect and the role of H2O/D2O adsorption on the photocatalytic hydrogen 
production from the oxidation of formaldehyde over platinized TiO2 are addressed. The 
study of the solvent isotope effect on the degradation of formaldehyde indicates that the 
mineralization rate of formaldehyde decreases considerably when increasing the 
concentration of D2O. The solvent isotopic effect indicated that the photocatalytic 
oxidation of formaldehyde takes place at the valence band through •OH radicals while the 
photocatalytic hydrogen production mainly occurred at the conduction band by the 
reduction of two protons originating from water and formaldehyde. A detailed mechanism 
for the simultaneous hydrogen production with formaldehyde oxidation in D2O is 
presented. 
 
Keywords: Titanium dioxide, Adsorption, D2O, Photocatalytic reaction, Isotopic-
exchange, Acetate, Formaldehyde, Hydrogen production, Mechanistic study. 
 
 
Kurzzusammenfassung 
 
Kurzzusammenfassung  
Untersuchungen der photoinduzierten Hydrophilie, des photokatalytischen Abbaus 
und der Wasserstoffproduktion haben gezeigt, dass das an der TiO2 Oberfläche adsorbierte 
Wasser eine wichtige Rolle in photokatalytischen Systemen spielt. Aus diesem Grund ist 
es wichtig, die Rolle von Wasser beim photokatalytischen Reaktionsmechanismus an der 
TiO2 Oberfläche aufzuklären. 
Diese Arbeit enthält vier originale Forschungsartikel, die sich auf die mechanistischen 
Studien der photokatalytischen Reaktion an der Titandioxid-Flüssigkeits-Grenzfläche 
fokussieren. Die Ziele dieser Arbeit sind (i) die Untersuchung des Verhaltens von 
Hydroxylgruppen und der Wasseradsorption an der TiO2 Oberfläche unter UV-
Bestrahlung. (ii) das Verständnis der Wechselwirkungen zwischen H2O/D2O- und der 
Substratadsorption, z.B. von Methanol und Acetat an der Wasser/TiO2 Grenzfläche, (iii) 
die Ermittlung der Rolle von der H2O/D2O-Adsorption auf den Reaktionsmechanismus 
für die gleichzeitige Wasserstoffproduktion und Formaldehyd-Oxidation an platinisiertem 
Titandioxid.   
In Kapitel 2 wird der Effekt der H2O- und D2O-Adsorption auf Oberflächen-
Hydroxylgruppen vor und nach einer UV-Bestrahlung mittels ATR-FTIR Spektroskopie 
untersucht. Die Adsorption von H2O in verschiedenen Verhältnissen zu D2O an TiO2 
zeigte, dass deuterierte Ionen eine stärkere Adsorption eingehen als Hydroxylionen. Dies 
führt zu einer Isotopen-Austauschreaktion, die im Dunkeln stattfindet. Unter UV-
Bestrahlung scheint das Sauerstoffmolekül eine wichtige Rolle in der Adsorption von 
Wassermolekülen zu spielen, was im Gegenzug die Hydrophilie der TiO2 Oberfläche 
erhöht. Der Effekt der Anwesenheit von Lochfängern wie Ethanol auf das H2O- und D2O-
Adsorptionsverhalten wurden in Kapitel 3 eingehend untersucht. In-situ ATR-FTIR 
Adsorptionsmessungen zeigten, dass Ethanol im Dunkeln sowohl in seiner molekularen, 
als auch in seiner dissoziierten Form an der TiO2 Oberfläche adsorbiert. Die Adsorption 
von Ethanol zeigt eine höhere Adsorptionskapazität im Vergleich zu H2O und D2O auf 
der Titandioxidoberfläche. Unter UV-Bestrahlung verringern sich die typischen 
Ethanolbänder im IR, während die Adsorption von Wasser und D2O steigt. Verschiedene 
Mechanismen bezüglich des photoinduzierten Ladungstransfers (Adsorption/Desorption 
und photokatalytische Reaktion) und der thermischen Prozesse (thermische Desorption 
und Deaggregation von Partikeln) werden diskutiert. 
Kurzzusammenfassung 
 
Kapitel 4 beschäftigt sich mit der Grenzflächenwechselwirkung von Acetat und TiO2 in 
Wasser und D2O. Außerdem wird der Einfluss des pH-Wertes, sowie die Bildung von 
reaktiven Sauerstoff Spezies (engl.: Reactive Oxygen Species, ROS) an der TiO2-
Oberfläche unter UV-Bestrahlung mittels ATR-FTIR und EPR Spektroskopie untersucht. 
Isotopen-Austauschreaktionen während der Adsorption von D2O an der TiO2 Oberfläche 
führen zu verschiedenen Wechselwirkungen zwischen Acetat- und OD-Gruppen. Die 
experimentellen Ergebnisse zeigten, dass die Wechselwirkung von Acetat mit der TiO2 
Oberfläche sehr stark vom pH-Wert der Suspension abhängig ist. EPR Untersuchungen 
zeigten außerdem, dass der Acetatabbau bei höheren pH-Werten hauptsächlich durch die 
indirekte Oxidation mittels Hydroxylradikalen abläuft, während bei niedrigen pH-Werten 
der Abbau von Acetat über die direkte Oxidation von oberflächengebundenem Acetat 
durch Löcher aus dem Valenzband erfolgt. 
In Kapitel 5 werden der Effekt und die Rolle der H2O/D2O-Adsorption auf die 
photokatalytische Wasserstoffproduktion und die Oxidation von Formaldehyd an 
platinisiertem TiO2 betrachtet. Die Studie des Lösungs-Isotopen-Effekts auf den Abbau 
von Formaldehyd deutet an, dass die Mineralisierung von Formaldehyd zu CO2 sich 
signifikant verringert, wenn die Konzentration von D2O erhöht wird. Der Lösungs-
Isotopen-Effekt erklärt, dass die photokatalytische Oxidation von Formaldehyd aus dem 
Valenzband durch OH-Radikale abläuft, während die photokatalytische 
Wasserstoffentwicklung hauptsächlich am Leitungsband durch die Reduktion von zwei 
Protonen aus Wasser und Formaldehyd erfolgt. Des Weiteren wird der detaillierte 
Mechanismus für die gleichzeitige Oxidation von Formaldehyd und die  
Wasserstoffproduktion in D2O gezeigt.  
Stichwörter: Titandioxid, Adsorption, D2O, Photokatalytische Reaktion, Isotopen-
Austauschreaktion, Formaldehyd, Wasserstoffproduktion, Mechanistische Studien. 
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Introduction and Objectives 
Photocatalysts have been widely applied for environmental cleaning (i.e., self-
cleaning, wastewater purification and antifogging) and solar fuel production (i.e., 
Hydrogen production and CO2 reduction). Among many kinds of photocatalysts, titanium 
dioxide (TiO2) is the most promising material because it is inexpensive, chemically stable 
and nontoxic. As most photocatalysis applications of TiO2 involve an aqueous 
environment, the investigation of photocatalytic reactions at the TiO2/water interface has 
attracted strong interest in recent years.  
The photocatalytic process is initiated by the formation of valence band holes (h+vb) 
and conduction band electrons (e-cb) in a TiO2 particle upon band gap illumination. 
Consequently, the TiO2 particles act as electron donors and electron acceptors for 
molecules in the surrounding medium. Elucidation of the photocatalytic reaction 
mechanism is vital to gain insight into the current limitations of titanium dioxide and also 
to improve the efficiency and stability of the photocatalysts by rational design. However, 
more in situ studies at the TiO2 surface under working conditions are needed to reveal all 
mechanistic details. 
It has been well reported that UV(A) irradiation of the TiO2 surface induces photocatalytic 
reactions and photoinduced hydrophilicity which can take place simultaneously on the 
same photocatalyst surface even though the mechanisms are completely different. The 
photoinduced hydrophilicity of TiO2 surfaces is initially explained by an increase in the 
amount of hydroxyl groups on this surface, while the photocatalytic reaction is based on 
redox reactions with molecules adsorbed on the photocatalyst surface to yield the final 
products. 
Under aerated conditions, photocatalytic degradation of organic pollutants takes 
place at the photocatalyst surface, with the participation of photogenerated holes, which 
act either directly or indirectly via the generation of reactive oxygen species such as 
hydroxyl radicals (●OH), superoxide radical anions (O2●−) and hydrogen peroxide (H2O2). 
Since the reaction ability of the hydroxyl radical (●OH) is high enough to attack any 
organic molecules, it has been assigned as a key species in the mineralization mechanism 
of organic compounds yielding CO2 and H2O. Although the mechanism of hydroxyl 
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radical formation has been suggested via the photocatalytic oxidation of water or OH 
groups adsorbed on the catalyst surface, the detailed mechanism at the TiO2/water 
interface is so far still unclear.  
Under oxygen free conditions, adsorption of electron donors such as water and 
organic compounds has been found to yield key species for the initiation of the 
photocatalytic hydrogen production. The rate of hydrogen production depends strongly on 
a range of experimental parameters including the nature of metal deposition, the catalyst 
concentration, the pH and the concentration of electron donors. The metal deposits act as 
an active site for H2 production, in which the trapped photogenerated electrons are 
transferred to protons to produce hydrogen molecules. Since competitive reactions may 
take place between the adsorption of water and organic compounds at the TiO2 surface, 
the primary events and the source of molecular hydrogen formed during the oxidation of 
organic molecules have not been clarified in a unified mechanism yet. An elucidation of 
this mechanism requires direct experimental investigations of the effect of water 
adsorption on the catalyst surface and on the photocatalytic reaction mechanism of 
hydrogen production.  
Moreover, the effect of light on the particle network of TiO2 has recently received 
special attention in view of mechanistic studies of the photocatalytic reaction behaviour 
introducing the additional effect of UV light on the chemical reaction at the interface 
TiO2/aqueous solution. Novel mechanistic concepts of TiO2 photocatalysis have been 
proposed such such as the antenna mechanism and the deaggregation concept which may 
give an alternative or additional explanation for open questions concerning the 
photocatalytic reaction mechanism at the TiO2 surface. 
In order to understand the photocatalytic reaction mechanism at the TiO2/aqueous 
solution interface, it is necessary to determine the role of water adsorption for 
photoinduced hydrophilicity, photocatalytic degradation and hydrogen production. 
Therefore, a study of the solvent isotope effect appears to be a rational strategy to elucidate 
the mechanistic details of the photocatalytic process by looking closely at the surface 
phenomena using in situ ATR-FTIR, QMS, and EPR spectroscopy.  
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This thesis presents a chronological sequence of the research performed on interfacial 
photocatalytic processes at the liquid/solid interface, with the objective to resolve the 
following three issues: 
i. Understand the fundamental process of photoinduced hydrophilicity and determine 
the source of hydroxyl groups formed on the TiO2 surface under UV irradiation. 
ii. Investigate the interaction between water and substrate at the TiO2/aqueous solution 
interface with photocatalytic reaction pathways. 
iii. Determine the primary events and the source of molecular hydrogen formed during 
the oxidation of organic molecules. 
The first issue is reported in Chapters 2 and 3, where the adsorption behaviour of H2O 
and D2O on the TiO2 surface was investigated in the absence and presence of both electron 
scavenges (molecular oxygen) and hole scavenges (ethanol) using in situ ATR-FTIR 
spectroscopy. This work focuses on the analysis of the behaviour of water adsorption 
before and after UV irradiation considering the effect of UV irradiation on the TiO2 
particle network to provide new insight into the mechanism of photoinduced 
hydrophilicity during UV illumination.  
The second issue is reported in Chapter 4, where the photocatalytic reaction pathways 
of acetate was determined in terms of the adsorption behaviour of acetate on TiO2 surfaces 
as well as the formation of primary intermediate radicals by ATR-FTIR  and EPR 
spectroscopy.  
The third issue is discussed in Chapter 5, where a detailed mechanism of 
photocatalytic hydrogen evolution on platinized TiO2 from aqueous formaldehyde 
solution was investigated in different concentrations of D2O. This work considers the 
solvent isotope effect to determine whether the origin of the evolved molecular hydrogen 
is from water or formaldehyde.  
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Chapter 1 
1. Theoretical background 
1.1  Photocatalysis Mechanism of TiO2 
Titanium dioxide (TiO2) is an interesting material for photocatalytic reactions due to 
its high stability, low cost, nontoxicity and excellent photoactivity [1],[2]. When TiO2 
absorbs a photon of energy equal to or greater than its band gap width (3.2 eV), electrons 
are promoted from the valance band (VB) to the conduction band (CB) to generate 
electron-hole pairs. The photogenerated electron and holes can either recombine, releasing 
energy in the form of heat, or can separate and migrate to the surface of the photocatalyst 
where they are ultimately trapped by adsorbed electron donors (D) and acceptors (A) 
(Figure 1.1). 
 
Figure 1.1: Mechanism of photocatalysis. 
 
The photocatalytic reactions of TiO2 have been extensively studied because of its 
promising applications for environmental problems (self-cleaning, water and air 
purification and antifogging) and for solar energy conversion (Hydrogen production and 
CO2 reduction) [3],[4].  
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1.1.1 Photoinduced Hydrophilicity of TiO2 
Self-cleaning TiO2 films have gained considerable attention for their unique 
properties and practical application such as window glasses and anti-fogging mirrors [5]. 
The surface wettability of TiO2 is generally evaluated by water contact angle 
measurements. Upon irradiation by UV light, the surface gradually converts to a 
hydrophilic state with the contact angle finally reaching 0° after water spreads over the 
entire surface (Figure 1.2). 
 
Figure 1.2: Effect of UV irradiation on the wettability conversion of titanium dioxide. 
 
The mechanism for photoinduced hydrophilicity of titanium dioxide is still not well 
understood, however, different models have been proposed for the hydrophilicity 
phenomenon on TiO2 surfaces such as (i) the formation of oxygen vacancies [6], (ii) the 
photo-induced reconstruction of Ti–OH [7] and (iii) the photocatalytic decomposition of 
organic adsorbents [8]. 
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1.1.1.1 Mechanisms 
 Generation of oxygen vacancies 
When TiO2 is irradiated by UV light, electron and hole pairs are generated. The 
conduction band electrons are trapped at titanium sites to reduce titanium (IV) to titanium 
(III), while the photogenerated holes produced in the bulk of TiO2 diffuse to the surface 
and oxidize lattice oxygen anions causing oxygen atoms to be liberated leaving oxygen 
vacancies behind [9],[10]. Adsorbed water molecules can then dissociate in these oxygen 
vacancies resulting in the formation of adsorbed OH groups thereby increasing the surface 
hydrophilicity (Figure 1.3) [11]. 
 
Figure 1.3: Scheme for water dissociation on oxygen vacancies. 
 
 Photo-induced reconstruction of Ti–OH 
Upon excitation of TiO2 by UV(A) light, the photogenerated holes produced in the 
bulk of TiO2 diffuse to the surface where they are trapped at lattice oxygen sites [12]. The 
trapped holes are consumed by breaking the bond between the lattice titanium and oxygen 
ions upon the coordination of water molecules at the titanium site. Subsequently, the water 
molecule releases a proton for charge compensation to produce new OH groups [13],[14]. 
When the TiO2 surface is stored in the dark, the surface is converted to a less hydrophilic 
state, due to the desorption of surface hydroxyl groups (Figure 1.4) [15].  
 
Figure 1.4: Schematic illustration of the reconstruction of Ti–OH in the dark and under 
UV irradiation [15]. (Copyright 2005 Springer.) 
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 Photocatalytic decomposition of organic adsorbents 
This mechanism occurs on the surface of TiO2 when UV light induces the 
photocatalytic decomposition of organic compounds. The contamination then decreases 
continuously which is followed by a decrease of the contact angle (Figure 1.5). It has been 
suggested that in addition to the photocatalytic decomposition, UV light can also induce 
the desorption of water from the surface by the heating effect from a light source. As soon 
as the organic pollutants are removed from the TiO2 surface and the amount of water 
molecules is decreased, the surface exhibits high wettability towards water [16],[17]. 
As discussed above, different possible mechanisms have been suggested to explain the 
photoinduced hydrophilicity, however, no common mechanism has been proposed so far. 
 
Figure 1.5: Mechanism of the UV induced photocatalytic process for hydrophilicity 
proposed by Yates et al. [16]. (Copyright 2005 American Chemical Society.) 
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1.1.2 Photocatalytic Degradation of Organic Pollutants in Water 
1.1.2.1 Mechanism and Reaction Pathways 
Photocatalysis is one of the most effective approaches to degrade organic and 
inorganic pollutants in water or air. According to the mechanism illustrated in Figure 1, 
excitation of TiO2 by UV light irradiation results in the promotion of an electron from the 
valence band to the conduction band leaving behind a hole in the valence band. The hole 
in the valence band my react with surface bound Ti–OH and/or adsorbed water to produce 
the hydroxyl radicals (•OH) [18], while molecular oxygen adsorbed at the TiO2 surface is 
reduced by conduction band electrons to yield reactive oxygen species (ROS) such as the 
superoxide radical anion (O2
●−) and hydrogen peroxide (H2O2), as indicated in the 
following Eqs. (1.1)-(1.5) [19],[20]:  TiO2  +  ℎ𝜈 ⟶  e− + h+                         (1.1) OH− + h+   ⟶   OH●                                (1.2) O2  + e−  ⟶   O2   ●−                                  (1.3) O2   ●− + 2H+ +  e− ⟶ H2O2                  (1.4) H2O2 + H+ +  e−   ⟶   OH● + H2O      (1.5) 
The hydroxyl radical (•OH) is a powerful oxidizing species which aggressively attacks a 
wide range of organic compounds [21]. However, it has been reported that the valence 
band hole potential is positive enough to oxidize not only the adsorbed water but also 
adsorbed organic pollutants via direct oxidation. Thus, it was suggested that two types of 
reaction pathways may be responsible for the oxidation of organic pollutants on the 
surface of TiO2. Eqs. (1.6)-(1.7) [22],[23]: Organic pollutants + (OH●, O2   ●−, H2O2) ⟶  Products (CO2 + H2O)    (1.6)  Organic pollutants + h+ ⟶  Products (CO2 + H2O)                                  (1.7)  
Although the photocatalytic degradation of organic pollutants proceeds to mineralized 
product, the photocatalytic processes, the surface species and the reaction intermediates 
are quite complicated and the degradation pathways are still not well understood. 
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1.1.3 Photocatalytic Hydrogen Production 
1.1.3.1 Photocatalytic Hydrogen Production from Water Splitting 
The interest in photocatalytic hydrogen production has significantly increased in 
recent years in prospect to its environmental and economic potential [3],[24]. Fujishima 
and Honda discovered the photoinduced splitting of water into molecular hydrogen and 
molecular oxygen on a TiO2 electrode under UV irradiation [25]. The overall 
photocatalytic water splitting reaction over a semiconductor photocatalyst (TiO2) is 
composed of two half-reactions, that is the hydrogen evolution reaction and the oxygen 
evolution reaction Eqs. (1.8)-(1.9). From the viewpoint of thermodynamics, the bottom of 
the conduction band must be located at a more negative potential than the reduction 
potential of H+ to H2 (0 V vs. NHE at pH 0), while the top of valence band must be 
positioned more positive than the oxidation potential of H2O to O2 (1.23 V vs. NHE) [26]. TiO2  +  ℎ𝜈 ⟶  e− + h+                          (1.1) H2O + 2h+  ⟶ 12 O2 + 2H+                     (1.8) 2H+ + 2e−  ⟶ H2                                  (1.9) 
The disadvantage of this system is that the recombination electrons and holes is very fast 
resulting in the reduction of the photocatalytic efficiency and also the backward reaction 
of H2 and O2 to form H2O is thermodynamically favorable.  
1.1.3.2 Photocatalytic Hydrogen Production from Oxidation of Organic 
Compounds  
Hydrogen production from organic compound is one of the most effective ways to 
overcome the disadvantages mentioned above and to improve the efficiency of the 
photocatalytic reaction [27].  
The principle of hydrogen production from the oxidation of organic compounds is based 
on the photo-induced charge transfer of valence band (VB) holes and conduction band 
(CB) electrons under oxygen free conditions. The photogenerated holes can either react 
with surface-bound H2O and/or hydroxyl ions producing •OH radicals or they might be 
transferred directly to adsorbed organic molecules. Simultaneously, the conduction band 
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electrons could provide a sufficient reduction ability to reduce protons towards molecular 
hydrogen [28],[29]. 
Loading of noble metal islands on the TiO2 surface is known to enhance the efficiency of 
the photocatalytic process thus serving as active sites for the hydrogen production, in 
which the trapped photogenerated electrons reduce protons (H+) to produce molecular H2 
(Figure 1.6) [30],[31]. 
 
Figure 1.6: Mechanism of simultaneous hydrogen production with oxidation of organic 
compounds over platinized titanium dioxide.   
Several molecules such as alcohols and carboxylic acids used as electron donors 
called “sacrificial systems” are usually required to increase the hole consumption and 
thereby reduce the electron/hole pair recombination resulting in a significantly enhanced 
photocatalytic hydrogen production [31],[32]. Although simultaneous hydrogen 
production with oxidation of organic pollutants has been extensively studied, however, 
only a few mechanistic investigation of this system have been addressed in the literature. 
It is generally acknowledged that the photocatalytic hydrogen formation can occur either 
directly by water splitting or initiated by photoreforming of organic compounds [33]. 
However, the primary events and the source of molecular hydrogen formed during the 
oxidation of organic molecules have not yet been clearly determined.  
 
 
 
   Chapter 1 
12 
 
1.1.4 Novel Mechanistic Concepts of TiO2 Photocatalysis 
Based upon the respective mechanistic investigations, additional mechanistic concept 
in photocatalysis have been proposed recently to provide new insights into the mechanism 
of TiO2 photocatalysis during UV irradiation. 
1.1.4.1 The Antenna Mechanism  
It was reported that metal oxide nanoparticles tend to form 3D networks via a self-
aggregation mechanism when suspended in aqueous solution [34]. The aggregation 
behaviour of the photocatalysts particles allows the transfer of charge carriers without 
much interference of interfacial trapping processes. The antenna mechanism is initiated 
once the light has reached one of the nanoparticles within the particle network [35]. The 
photogenerated electron hole pairs are likely to be transported throughout until arriving at 
a suitable trap site thus acting as an antenna system transferring the photon energy from 
the location of light absorption to the location of reaction [34]. Hence, the network will 
subsequently be available to promote redox processes anywhere within the structure 
thereby leading to an improved photocatalytic performance of the overall system (Figure 
1.7).  
 
 
Figure 1.7: Scheme representing the Antenna Mechanism [35]. (Copyright 2003 The 
Royal Society of Chemistry.) 
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1.1.4.2 The Deaggregation Concept  
Until recently, there was no clear concept concerning the interaction of UV light with 
such a particle network. Pagel et al. and Mendive et al. have observed another interesting 
aspect of these self-assembled network of nanoparticles during UV irradiation leading to 
increasing photonic efficiencies [36],[37].  
To explain these observation as well as the effect of UV irradiation on the nanoparticle 
behavior, a new mechanistic concept called “deaggregation effect” has been proposed. 
The deaggregation model assumes that part of the absorbed light energy is used to break 
the bonds between the particles (most likely hydrogen bounds), thus producing additional 
surface area for the photocatalytic process resulting in an increased photonic efficiency 
(Figure 1.8). It has been earlier reported that the energetic requirements for deaggregation 
are met under laser-pulsed conditions [36]. The average photon energy deposited in the 
particle is around 341 kJ mol–1 per laser pulse at 351 nm. The inter-particle bond energy 
is only ca. 30 kJ mol–1. The energy supplied for photolysis would therefore be sufficient 
for the supposed stepwise deaggregation of even larger agglomerates [35],[4].  
 
 
 
Figure 1.8: Scheme representing the Deaggregation Concept. [37] (Copyright 2011 
American Chemical Society.) 
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1.2 Impact of H2O/D2O Adsorption on the Photocatalytic Mechanism 
1.2.1 Effect of Water  
Studies concerning the substrate adsorption/desorption on TiO2 surfaces and the 
formation of reactive oxygen species (ROS) during photocatalytic processes are of 
substantial importance for the understanding of the mechanism of the underlying reaction 
pathways.  In aerated aqueous solution, adsorbed species such as water, organic molecules 
and molecular oxygen together with the influence of pH are expected to affect the 
degradation pathway on TiO2 surfaces [38],[39]. However, their overall influence has not 
yet been clearly determined. Several experimental and theoretical work has been carried 
out concerning the interaction of water adsorption at the TiO2/aqueous solution interface. 
Guan and coworkers reported a competitive reaction between the adsorption of water and 
organic compounds, which was dominated by the water adsorption because of the surface 
acidity [40]. In an another study, Medlin et al., revealed that the adsorption of water on 
the TiO2 surface causes a change in the adsorbed structure of the substrate (formate) and 
that these transformations can have an important influence on elementary steps in the 
photocatalytic decomposition on TiO2 [41]. 
Additionally, it has been pointed out previously that the adsorption of water on the TiO2 
surface plays a vital role in the formation of hydroxyl radicals. Cunningham et al. [42] and 
Robertson et al., [43] observed a primary kinetic solvent isotope effect of 3.3 for the 
destruction of organic compounds when the photocatalytic reactions were performed in 
pure D2O. They suggested that the reduced rate of photocatalytic decomposition in D2O 
was due to a lower oxidation potential compared to that of the hydroxyl radical.  
Because of the complexity of the behaviour of adsorbed H2O and D2O and the interaction 
of water/D2O adsorption with different adsorbates at the TiO2/solution interface, detail of 
the underlying processes are still not well understood. 
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1.2.2 Physical and Chemical Properties of Water and Deuterium Oxide 
According to the literature data [44],[45],[46],[47], the physicochemical properties of 
D2O are quite distinct compared to those of water as shown in Table 1.1. 
Table 1.1: Physical and chemical properties of water and deuterium oxide 
 
 
 
 
 
 
Color H2O: Slight blue color 
D2O:  Colorless 
Molar mass H2O: 18.015268 g mol-1 
D2O: 20.027508 g mol-1 
Molar concentration (25 °C) H2O: 55.345 mol L
-1 
D2O: 55.142 mol L
-1 
Dissociation in liquid phase, 
ΔG (25 °C) 
2H2O  ⟶  H3O+  +   OH−    79.90 kJ mol-1 2D2O  ⟶  D3O+  +   OD−     84.88 kJ mol-1 
Dissociation constant (25 °C), K = [H3O+][OH−] [H2O]⁄  H2O: 1.82 ˣ 10-16 mol-1 D2O: 3.54 ˣ 10-17 mol-1 
Self-ionization of water (pKW) H2O: 13.995 (25 °C) 
D2O: 14.87 (25 °C) 
Dissociation constant (pKa and pKb) 
pKa(D2O)=1.076 pKa(H2O) -0.41 
pKa H2O = pKb H2O = 15.738 (25 °C) 
pKa D2O = pKb D2O = 16.610 
Potential of hydrogen (pH) 
pD = pH+ 0.41 
 
H2O: 6.9976 (pH) 
D2O: 7.43 (pD) 
HDO: 7.266 (pHD) 
Enthalpy of formation, ΔHf (liquid) H2O: -286.629 kJ mol-1 (0 °C) 
D2O: -294.6 kJ mol
-1 (25 °C) 
Bond dissociation energy (O-H), 
average at 0 K 
H2O, (H-O-H), 458.9 kJ mol bond
-1 
D2O, (D-O-D), 466.4 kJ mol bond-1 
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2. In situ ATR-FTIR study of H2O and D2O adsorption on TiO2 under UV 
irradiation 
 
2.1 Abstract 
The adsorption of water and deuterium oxide on TiO2 surfaces was investigated in 
the dark as well as under UV(A) irradiation using in situ ATR-FTIR spectroscopy under 
oxygen and oxygen free conditions. Adsorption of H2O-D2O mixtures revealed an isotopic 
exchange reaction occurring onto the surface of TiO2 in the dark. Under UV(A) 
irradiation, the amount of both OH and OD groups was found to be increased by the 
presence of molecular oxygen. Furthermore, the photocatalytic formation of 
hydroperoxide under oxygenated condition has been recorded utilizing Attenuated Total 
Reflection Fourier Transformed Infrared (ATR-FTIR) spectroscopy which appeared as 
new band at 3483 cm-1. Different possible mechanisms are discussed in terms of the source 
of hydroxyl groups formed and/or hydration water on the TiO2 surface for the 
photocatalytic reaction and photoinduced hydrophilicity. 
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2.2 Introduction 
Photocatalytic reactions at the surface of titanium dioxide (TiO2) have been attracting 
much attention, in view of their practical applications including environmental aspects 
such as water purification, self-cleaning and antifogging.1,2 UV(A) irradiation of the TiO2 
surface induces photocatalytic reactions and photoinduced hydrophilicity.3 In general, 
electrons and holes generated after the band gap excitation can respectively, reduce and 
oxidize electron acceptor and electron donor species which are already adsorbed on the 
TiO2 surface. The importance of the photogenerated active oxygen species, such as 
hydroxyl radicals (●OH), superoxide radicals (O2●−) and hydrogen peroxide (H2O2) in 
photocatalytic applications has been extensively studied.4,5 The mechanism of hydroxyl 
radical formation has been suggested as a result of the oxidation of water,6 while hydrogen 
peroxide can be formed by both reduction and oxidation processes, such as dimerization 
of hydroxyl radicals, as well as disproportionation and reduction of superoxide radical 
anions.5 On the other hand, the photoinduced hydrophilicity is reported as a result of 
increasing the number of hydroxyl groups on the TiO2 surface upon irradiation.
7 During 
these processes, the surface OH groups on the TiO2 surface have been assumed to play 
important roles in both photocatalytic reactions and photoinduced hydrophilicity.8 
Adsorbed species such as water and molecular oxygen, however are expected to affect the 
hydroxyl group behaviour on the TiO2 surface,
9 but their influences have to date not yet 
been clearly determined. 
Several mechanisms regarding the interaction of UV(A) light and hydroxyl group 
formation on TiO2 have been proposed by different research groups.
8 One of the proposed 
mechanisms for the photoinduced hydrophilicity is based on the formation of oxygen 
vacancies and the reconstruction of Ti-OH bonds caused by the photogenerated electron–
hole pairs.7,10 Another mechanism has been suggested to involve the photocatalytic 
removal of organic contaminants from the surface.11 Hashimoto and co-workers have 
followed the idea of photogenerated surface OH groups to introduce their surface 
reconstruction model of hydroxyl groups as the mechanism for the hydrophilic 
conversion.12,13 Another mechanism was proposed by Yates et al., who demonstrated that 
only under UV light illumination the decomposition of organic contaminants can take 
place leading to the creation of superhydrophilic surfaces.11 In another studies, Munuera 
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et al. and Anpo et al. have reported that H2O desorbs from the TiO2 surface during UV 
light irradiation, i.e., photodesorption of H2O, due to the heating effect of the light 
source.14,15 Recently, special attention has been focused on the particle network before 
and after irradiation and how it changes during illumination.16,17 Wang et al. reported that 
the metal oxide nanoparticles tend to form 3D networks via a self-aggregation mechanism 
when suspended in aqueous solution.16 Some investigations indicated that UV light 
activation of TiO2 leads to an increase in the surface area due to de-aggregation of particles 
agglomerates which in turn enhances the photonic efficiency.17,18 The behaviours of the 
water adsorption and the associated hydroxyl groups during irradiation are, however, still 
not well understood. The relative roles of the active oxygen and the hydroxyl groups for 
the photocatalytic process and for the photoinduced hydrophilicity, which have been under 
debate for a long time, still need to be investigated in detail. From this point of view, one 
of the most important issues of the current investigations concerning photocatalytic 
reactions and photoinduced hydrophilicity is to understand the fundamental process of 
water adsorption and the source of hydroxyl groups formed on TiO2 surface under UV 
irradiation.  
Herein, a detailed investigation of the H2O and/or D2O adsorption on the TiO2 surface is 
reported using Attenuated Total Reflection Fourier Transformed Infrared spectroscopy 
(ATR-FTIR). Qualitative and quantitative evaluations of the D2O effect and the isotopic 
exchange on the TiO2 surface are presented. This work focuses on the analysis of the 
behaviours of OH and OD stretching groups before and after UV irradiation considering 
the role of molecular oxygen to provide new insights into the mechanism of photoinduced 
hydrophilicity during UV illumination. 
2.3 Experimental 
2.3.1 Materials 
The photocatalyst, titanium dioxide PC-500 (Cristal Global) consisted of 100% pure 
anatase with a specific BET-surface area of 340 m2 g-1 and a primary particle size of 5-10 
nm. Deuterium oxide (D2O) (99.9 atom % D) was purchased from Sigma Aldrich. 
Deionized water (H2O) was supplied from a Millipore Mill-Q system with a resistivity 
equal to 18.2 Ω cm at 25 °C. 
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2.3.2 ATR-FTIR Spectroscopic Measurements 
2.3.2.1 Preparation of TiO2 Films on the ATR-FTIR Crystal 
An aqueous suspension of TiO2 at a concentration of 5.75 g l
-1 was initially prepared 
and sonicated for 15 min in an ultrasonic cleaning bath. An aliquot of 400 µL of the TiO2 
suspension was placed on the surface of the ZnSe ATR crystal. This small volume was 
simply spread by balancing the unit manually. The suspension was then directly allowed 
to evaporate to dryness by storing the crystal in a semi-opened desiccator at room 
temperature. Prior to deposition of the TiO2 films, the ZnSe surface (area = 6.8 mm×72 
mm) was cleaned by polishing with 1 mm diamond paste (Metadi II, polishing grade) and 
rinsed with methanol and deionised water. The coverage of the final dry layer of particles 
obtained was 2.3 g m-2 and the layer appeared homogeneous under visual inspection. In 
the original preparation by Hug et al., AFM measurements of layers with coverage of 2.3 
g m-2 yielded a thickness of 1-3 µm.19,20 The final resulting layers of particles remained 
stable over the entire course of the experiment. Thus, it can be assumed that the effective 
path lengths at all wavelengths remained unchanged. 
2.3.2.2 ATR-FTIR Measurement 
The ATR-FTIR spectra of the TiO2 samples were monitored by a FTIR spectrometer 
(IFS 66 BRUKER) equipped with an internal reflection element 45° ZnSe crystal and a 
deuterated triglycine sulfate (DTGS) detector. The interferometer and the infrared light 
path in the spectrometer were constantly purged with Argon to avoid H2O and CO2 
contamination. The spectra were recorded with 350 scans at 4 cm-1 resolution and analysed 
using OPUS version 6.5 software. The background was subtracted and baseline correction 
was made in order to eliminate minor fluctuations due to instrumental instability. 
Irradiation of samples with UV(A) light was carried out using an LED lamp (Model LED-
Driver, THORLABS) emitting UV light (365 nm). The distance from the UV lamp to the 
surface of the test solution was kept at 30 cm on which the intensity of UV(A) light was 
of 1.0 mWcm-2 as measured by an UV radiometer (Dr. Hönle GmbH, Martinsried, 
Germany). Prior to starting the irradiation experiments, spectra of adsorption of H2O and 
D2O on the TiO2 were monitored in the dark. When the last spectrum of each experiment 
had been recorded, the UV(A) lamp was turned on and another sequence of spectra was 
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recorded. These two groups of spectra were considered as the blank reference spectra in 
the dark and under UV(A) illumination, respectively. 
2.4 Results 
Fig. 1a shows the time evolution of the spectra of adsorbed H2O and D2O on TiO2 in 
the dark. The signal of the adsorbed water on TiO2 with maxima at 3362, 3216, and 1638 
cm−1 can be clearly seen. As is well known, the adsorption of H2O is represented by strong 
IR absorbances of O-H stretching in the region between 3200 and 3550 cm-1 and δ (H-O-
H) bending at 1638 cm-1 which is assigned to undissociated water molecules. When D2O 
was used instead of H2O, the results showed that all bands of adsorbed water on TiO2 
surface were shifted to lower frequency with exchanging H for D. Additionally, an 
increase in the intensities of OH and OD stretching has been observed by increasing the 
adsorption time in the dark, which can be explained by increased adsorption of water 
molecules as well as of deuterium oxide on the TiO2 surface until attaining an equilibrium. 
It can be clearly seen from Fig. 1b that subsequent illumination with UV(A) light in the 
presence of O2, results in the formation of a shoulder in the FTIR spectrum of the adsorbed 
H2O at 3483 cm
-1 as well as an increase in the bands at 2480 cm-1 in the case of D2O (Fig. 
1b). The shoulder formed around 3483 cm-1 can be attributed to the photocatalytically 
generated hydroperoxide. This was confirmed by recording the spectrum of H2O2 added 
to the water-TiO2 system in the dark in which a similar band (at 3483 cm
-1) has been 
detected (Fig. S1, in ESI). Furthermore, no formation of such band around 3483 cm-1 was 
observed in the absence of O2 (Fig. S2, in ESI). 
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Fig. 1  Time evolution of the ATR–FTIR spectra of adsorbed pure H2O (solid lines) and 
D2O (dashed lines) in the presence of O2 on TiO2 (a) in the dark for 4 h, (b) under 8 h of 
UV(A) illumination.  
Fig. 2 shows the spectra of D2O–H2O mixtures adsorbed on TiO2 in the dark. It is 
obvious from these spectra that the intensity of the band in the OH-stretching region 
decreased gradually with increasing dosage of D2O. Interestingly, the peak of the 
isotopologue HDO bending band centred at 1450 cm−1 was formed and increased by 
increasing the concentration of H2O in D2O until it approached equimolar proportions 
(Fig.2 insert). This peak then decreased again with further increases in the amounts of 
H2O in D2O. The mixture of H2O and D2O reacted and equilibrated via transfer by self-
dissociation and recombination to form HDO.21  
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H2O + D2O  ⇆ 2HDO     (1) 
The equilibrium constant K of this reaction is given by 𝐾 = [HOD]2 [H2O][D2O]⁄           Keq = 3.86 at 25 °C     (2) 
 
Fig. 2 ATR–FTIR spectra of D2O–H2O mixtures with different concentrations adsorbed 
on TiO2 in the dark. Inset: evolution of the intensity of the integrated spectral areas of 
H2O, HOD and D2O bending modes. 
To investigate the effect of D2O on the hydroxyl group behaviour during UV 
irradiation, a series of experiments for water adsorption with different ratios of D2O were 
performed under irradiation in the presence of oxygen. Fig. 3 shows the time evolution of 
the intensities of the integrated spectral areas of OH and OD stretching groups that are 
formed on the surface of TiO2 before and after UV irradiation. As can be clearly seen, in 
the dark, at low concentrations of H2O (H2O% < D2O %), a strong decrease in the amount 
of OH stretching was observed especially in the first hour. Simultaneously, the amount of 
OD stretching groups adsorbed on TiO2 increased during this period until the system 
reached equilibrium. In contrast, at higher concentrations of H2O (H2O% > D2O%), both 
OH and OD stretching bands increased. Interestingly, at an equimolar mixture of 50% 
H2O and D2O, a decrease in intensity of OH stretching with a simultaneous increase in the 
OD stretching could be observed in the dark. From these results we suggest that the 
deuteride ion in the dark shows a stronger adsorption ability than hydroxyl ions at the 
surface of TiO2. Thus, the deuteride ions could lead to isotopic exchange by replacing 
hydroxyl groups adsorbed on the TiO2 surface (reaction 3): Ti − OH +  OD−  ⟶   Ti − OD +   OH−        (3) 
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Fig. 3 Time evolution of the intensity of the integrated spectral areas of the OH and OD 
stretching groups before and after UV(A) irradiation with different ratios (H2O:D2O). 
It is worth noting that the time required to reach equilibrium for all experiments was 
nearly constant, i.e., it took almost 3 hours to approach isotopic exchange equilibrium. 
Furthermore, this evaluation of OD groups could be associated with the better exchange 
of the isolated Ti-OH species on TiO2 at higher concentrations than at lower 
concentrations of D2O. Interestingly, upon UV(A) irradiation, an increase in the intensity 
of the OH stretching could be observed almost immediately as well as an increasing 
intensity of the OD stretching band, i.e., Fig. S3 (see ESI). These results, however can be 
largely attributed to either an increase of the amount of OH and OD groups by the 
formation of new OH and OD groups on the surface or by increasing the amount of H2O 
and D2O molecules chemisorbed on the TiO2 surface.  
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To determine the effect of molecular oxygen on the behaviour of the H2O and D2O 
adsorption on the TiO2 surface, the solution was saturated and constantly purged with 
different types of gases, i.e., oxygen, nitrogen, and argon during the ATR-FTIR 
measurements. As shown in Fig. 4, the integrated intensity of the OH and OD stretching 
group increased significantly upon illumination in the presence of molecular O2. By 
contrast, when the sample was purged with nitrogen or argon, no increase in the OH and/or 
OD stretching group was observed. A similar isotopic exchange behaviour, however, was 
observed during the dark period.  
 
Fig. 4 Evolution of the intensity of the integrated spectral areas of OH and OD stretching 
groups before and after UV irradiation: Effect of dissolved O2, N2 and Ar on the adsorption 
of H2O-D2O on the TiO2 surface. 
The time evolution of the intensity of the integrated spectral areas of the OH and OD 
stretching groups before and after UV irradiation at prolonged time periods are shown in 
Fig. 5. Again as described above under dark conditions, the isotopic exchanges inevitably 
took place on the TiO2 surface. When the system was subsequently stored again in the 
dark (after the UV illumination was turned off), however, no more isotopic exchange 
behaviour was detected and the amount of OH and OD groups remained steady during 
this period. Additionally, when the system was illuminated again, the amount of OH and 
OD groups immediately increased. 
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Fig. 5 Time evolution of the intensity of the integrated spectral areas of OH and OD 
stretching groups before and after UV(A) irradiation with prolonged time (Alternately). 
 
2.5 Discussion   
When the TiO2 surface was illuminated with UV light, electron and hole pairs were 
generated, and they, respectively, reduced and oxidized adsorbates on the surface. As can 
be seen from the ATR-FTIR spectra (Fig. 1b), a clear shoulder appears at 3483 cm-1 upon 
irradiation of the system by UV(A) in the presence of molecular oxygen (O2). This peak 
can most likely be assigned to a Ti-OOH vibration as has been confirmed from the 
spectrum of H2O2 added to the water-TiO2 system in the dark in which a similar band (at 
3483 cm-1) has been detected as shown in Fig. S1 (see ESI). The formation of this adsorbed 
hydroperoxy species only in the presence of (O2) can be considered as evidence that it is 
resulting from the reduction of molecular oxygen adsorbed at the TiO2 surface by the 
photogenerated electrons rather than from the oxidation of water by the holes. These 
results are in agreement with Nakamura et al., who revealed and assigned O-O stretching 
of a surface peroxo species to identify Ti-OOH as a primary intermediate from the O2 
photoreduction.22 Robertson et al., however, reported that the formation of hydroxyl 
radicals for the photocatalytic process could be preferable through the water oxidation at 
the valence band rather than through the oxygen reduction at the conduction band.6,23 
Based on the identification of these intermediates, a mechanism for the photocatalytic 
formation of hydroperoxide has previously been proposed (Scheme 1).22,24 In this 
mechanism, the photogenerated conduction band electrons reduce Ti4+ at the surface that 
0 3 6 9 20 25 30
240
250
260
270
280
450
500
550
600
 H
2
O:D
2
O
(30%:70%)
 OH stretching
 OD stretching
Dark
      UV 
Irradiation Dark
      UV 
Irradiation 
 
 
In
te
g
ra
te
d
 S
p
ec
tr
a
l 
A
re
a
time/h
Chapter 2 
 
33 
 
adsorbs H2O, then molecular oxygen attacks immediately to form superperoxo TiOO
•. 
This superperoxo is reduced to peroxo Ti(O2), which is equivalent to the hydroperoxide 
Ti-OOH when it is protonated. 
Scheme 1 Proposed mechanism for the photocatalytic formation of hydroperoxides. 
(Copyright 2003 American Chemical Society.) 
 
 
Furthermore, an increase in the intensities of the OH and OD stretching bands is 
observed after illumination which may be assigned either to the stretching modes of Ti-
OH formed upon illumination or to the OH stretching vibration of adsorbed water 
molecules which in turn increases the hydrophilicity of the TiO2 surface. Hashimoto et al.  
reported that during UV irradiation not only the photocatalytic reactions take place on the 
surface but also the photoinduced hydrophilicity resulting from the separation and 
diffusion of photogenerated electrons and holes occurring on the surface of TiO2.
3 As 
shown in Fig. 3, at low concentrations of H2O (H2O% < D2O %), the reduction of the OH 
band with the simultaneous increase in the OD stretching band in the dark revealed that 
the deuteride ions have a stronger adsorption affinity than the hydroxyl ions. Furthermore, 
it can be clearly observed that the photoinduced hydrophilicity of the TiO2 surfaces which 
was explained by an increase in the amount of hydroxyl groups is readily induced upon 
UV light irradiation in the presence of O2. These results can be largely attributed to either 
an increase in the number of surface OH groups or to an increased adsorption of water 
molecules on the TiO2 surface. 
Several mechanisms suggested that the photoinduced holes play a crucial role in the 
photoinduced hydrophilicity conversion. It was thus proposed that the photogenerated 
holes produced in the bulk of TiO2 diffuse to the surface where they are trapped at lattice 
oxygen sites. The trapped holes are consumed by reaction with the TiO2 itself creating 
oxygen vacancies,25 or by breaking the bond between the lattice titanium and oxygen ions 
upon the coordination of water molecules at the titanium site.10 Subsequently the water 
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molecule dissociates in an oxygen vacancy or releases proton for charge compensation to 
produce new OH groups. As shown in Fig. 5, however, an isotopic exchange between 
deuteride ions and hydroxyl groups takes place on the TiO2 surface in the dark according 
to eqn 3. After 6 h of irradiation even during a prolonged time in the dark, however, no 
isotopic exchange was detected between hydroxyl groups and deuteride ions. From this 
result we suggest that the increase of OH and OD stretching groups under irradiation is 
most likely caused by adsorption of H2O and D2O molecules, respectively, and not by the 
generation of hydroxyl groups. There have been several reports supporting our suggestion 
that water molecules strongly adsorb onto the TiO2 surface under UV illumination. 
Nosaka et al. reported that the increase in the amount of adsorbed water on the TiO2 
surface after UV light irradiation was observed by 1H NMR spectroscopy.26 Another study 
by Uosaki et al. using SFG spectroscopy confirmed that the UV illumination increased 
not only the amount of adsorbed water but also the order of the adsorbed water on the 
TiO2 surface.
27 Although the mechanism for the H2O/UV light interactions still remains 
uncertain, it seems that the particle network during UV light irradiation might be 
responsible for the enhancement of water adsorption on a TiO2 particle film due to a new 
distribution of the particles. Wang et al. revealed the fact that under UV(A) illumination 
the total exposed TiO2 surface increases due to the de-aggregation of particles 
agglomerates which was explained by assuming that part of the absorbed light energy is 
converted non-adiabatically into heat which is subsequently used to break the bonds 
between the particles thus producing additional surface area for the photocatalytic 
process.17,28 One of the first ATR-FTIR studies that focused on the adsorption phenomena 
in aqueous solution was performed by Mendive et al., who combined experimental data 
and theoretical calculations to demonstrate that the water molecule can fill the space in 
between the particles which was demonstrated by the increase in the IR band 
corresponding to the bending mode of water.29 
We propose that UV irradiation leads to an increase in the amount of adsorbed water 
by thermal processes with hydrophilicity effects simultaneously taking place on the TiO2 
surface. Moreover, as shown in Fig. 4, the results clearly indicate that the presence of O2 
is necessary to enhance the photoadsorption of H2O and D2O on TiO2 surfaces during 
UV(A) irradiation. This confirms that the adsorption of water and D2O to TiO2 surfaces is 
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caused by a photoinduced charge transfer process in presence of molecular oxygen. 
Takeuchi et al.30 proposed a mechanism which revealed that when TiO2 surfaces were 
irradiated with UV light in the absence of O2, the electrons trapped on the Ti
3+ sites were 
not scavenged by O2 and the holes trapped on the TiO2 surface were immediately 
consumed to oxidize the lattice oxygen, resulting in the formation of oxygen vacancies. 
Such photoreduced TiO2 surfaces can behave as negatively charged surfaces. Thus, water 
molecules could hardly adsorb on the photoreduced surfaces due to repulsive effects 
(Scheme 2). On the other hand, when the TiO2 surfaces are irradiated in the presence of 
O2, the surface trapped electrons are scavenged by O2 and the photoreduced surfaces are 
immediately oxidized. In this way, the TiO2 surface is very likely interacting with water 
molecules due to interaction effects resulting in an increase in the amount of adsorbed 
water. The results of this investigation indicate that the photoinduced hydrophilic effect is 
achieved by an increase in the amount of adsorbed H2O molecules and this phenomenon 
occurs not only by a thermal process but also by a photoinduced charge transfer process. 
Scheme 2 Interaction model of adsorbed water during UV(A) light irradiation in the 
absence and presence of O2 molecules.  
 
 
2.6 Conclusions 
The behaviour of adsorbed H2O and D2O in photocatalytic processes and in 
photoinduced hydrophilicity on TiO2 surfaces has been addressed using ATR-FTIR 
spectroscopy. This study made it possible, to investigate adsorption processes at the 
TiO2/aqueous solution interface, quantitatively and in situ. It was shown that the 
photocatalytic reduction of O2 at the anatase surface leads to the formation of hydroperoxo 
groups as demonstrated by a FTIR band at 3483 cm−1. Adsorption of H2O with different 
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ratios of D2O on TiO2 revealed that the deuteride ions exhibit stronger adsorption ability 
than hydroxyl ions resulting in an isotopic exchange reaction which takes place in the 
dark. Upon illumination with UV light in the presence of O2 both OH and OD groups are 
formed, which in turn increase the hydrophilicity of the TiO2 surface. In contrast, when 
the solution was saturated with argon or nitrogen, no formation of OH and OD groups was 
detected and the hydrophilicity was strongly inhibited. The increase in the amount of OH 
and OD groups is suggested to be caused by photoadsorption of H2O and D2O due to de-
aggregation of the pre-existing network of particles rather than by dissociative water and 
D2O adsorption at surficial oxygen vacancies. Finally, it is concluded that the role of 
oxygen during UV irradiation is very crucial for the presence of both the photoinduced 
hydrophilic as well as the photocatalytic response.  
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2.9 Supplementary Information  
 
Figure S1. Spectrum of adsorption of H2O2 in the dark at different times 
 
 
Figure S2. Adsorption of H2O in the presence N2 in the dark and under UV(A) 
illumination 
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Figure S3. Time evolution of the ATR–FTIR spectra of an adsorbed mixture of H2O:D2O 
(30%:70%) in the presence of O2 on TiO2 a) in the dark for 3 h, b) under 6 h of UV(A) 
illumination. 
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3 In situ ATR-FTIR Investigation of the Effects of H2O and D2O Adsorption on 
the TiO2 surface  
 
3.1 Abstract  
We have investigated the behavior of H2O and D2O adsorption on TiO2 surfaces in 
the dark and under UV irradiation using in situ ATR-FTIR spectroscopy. The influence 
of an electron scavenger (oxygen) and a hole scavenger (ethanol) on the hydroxyl group 
and/or hydration water behavior on the TiO2 surface were also investigated. Adsorption 
of H2O–D2O mixtures revealed an isotopic exchange reaction occurring in the dark onto 
the surface of the TiO2 material. Under UV(A) irradiation, the quanitity of both OH and 
OD groups was found to be increased by the presence of molecular oxygen. On the other 
hand, the ATR-FTIR study of the ethanol adsorption in H2O and D2O revealed a stronger 
adsorption capacity for ethanol compared to both H2O and D2O resulting in molecular and 
dissociative adsorption of ethanol on the TiO2 surface. When the system was subsequently 
illuminated with UV(A) light, the surface becomes enriched with adsorbed water. 
Different possible mechanisms and hypotheses are discussed in terms of the effect of UV 
irradiation on the TiO2 particle network for the photocatalytic reaction and photoinduced 
hydrophilicity. 
3.2 Introduction 
Photocatalysis and Photoinduced Hydrophilicity have attracted significant attention 
due to their potential applications in environmental protection [1]. Surface OH groups on 
TiO2 materials have been assumed to play important roles in both photocatalytic reactions 
and photoinduced hydrophilicity [2]. Adsorbed species such as water, substrate and 
molecular oxygen, however, are expected to affect the hydroxyl group behavior on the 
TiO2 surface, which play a major role in the charge transfer and trapping reactions 
occuring at the TiO2/water interface under UV (A) irradiation. In oxygenated systems the 
photogenerated electron reacts with molecular oxygen producing superoxide anion 
radicals, while the photogenerated holes are either trapped by the surface hydroxyl group 
or/and water molecules forming reactive hydroxyl radicals or they initiate the direct 
oxidation of an adsorbed organic donor [3]. It was reported, however, that during UV 
irradiation not only did the photocatalytic reactions take place on the surface but the 
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photoinduced hydrophilicity also occurred due to the separation and diffusion of 
photogenerated electrons and holes occurring at the TiO2/water interface [4]. 
Additionally, a competitive reaction in aqueous solutions, would take place during UV 
irradiation between direct oxidation and indirect oxidation of organic molecules due to 
the different adsorption behaviors of substrates [5]. Alternatively, during UV irradiation 
the particle network of the TiO2 material could play a significant role in the absorption of 
light and adsorption of species [6]. Thus, special attention has been focused on the particle 
network during photocatalytic reactions and therefore, several mechanisms regarding the 
effect of UV(A) light on the particle network have been suggested such as the Antenna 
mechanism and deaggregation concept [1,6]. Although the interfacial substrate/TiO2 
interactions have been extensively studied, the effect of water and oxygen adsorption, 
together with the associated hydroxyl groups during UV irradiation are, however, still not 
completely understood for both photocatalytic reactions and photoinduced hydrophilicity.  
In this study, Attenuated Total Reflectance-FTIR spectroscopy, was used for an in-situ 
mechanistic investigation at the water/TiO2 interface. The adsorption behavior of H2O and 
D2O on the TiO2 surface was investigated in the absence and in the presence of both an 
electron scavenger (oxygen) and a hole scavenger (ethanol). Several mechanisms 
considering the interaction of UV(A) light and the hydroxyl groups formation or/and 
hydration water on the TiO2 surface have been addressed. This work, therefore, provides 
new insight into the mechanistic aspects of photoinduced hydrophilicity and 
photocatalytic reactions on TiO2 surfaces. 
3.3 Experimental 
3.3.1 Materials 
TiO2 (Hombikat UV100, 100% anatase) was kindly supplied by Sachtleben Chemie. 
Ethanol (≥99.8%) was purchased from ROTH. The Deuterium oxide (D2O) (99.9 atom% 
D) were purchased from Sigma Aldrich. Deionized water (H2O) was supplied from a 
Millipore Mill-Q system with a resistivity equal to 18.2 Ω cm at 25 °C.  
2.3.2 ATR-FTIR Measurements 
Attenuated total reflection Fourier transformed infrared (ATR-FTIR) in-situ spectra 
were recorded employing an IFS 66 BRUKER instrument equipped with an internal 
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reflection element 45º ZnSe crystal and a deuterated triglycine sulfate (DTGS) detector. 
A thin anatase layer was deposited on the ZnSe ATR crystal (2.3 g m-2 and 1-3 µm thick) 
[7]. Prior to starting the irradiation experiments, spectra of adsorption of H2O and D2O on 
the TiO2 material were monitored in the dark. The spectrum of the TiO2-coated crystal 
were taken as background and used as the blank for the subsequent measurements. When 
the last spectrum of each experiment had been recorded, the UV(A) lamp was turned on 
and another sequence of spectra were recorded. 
For the ethanol experiments, 18 ml of circulating 30 vol% aqueous ethanol solution was 
employed at a flow rate of approximately 4 ml min-1. These experiments were started by 
pumping the background water/D2O (12.6 ml) through the flow cell at a flow rate of 4 ml 
min-1, and allowing the TiO2 deposit to equilibrate with the background solution. One 
spectrum was used as blank to subtract the signals of the water/D2O, the pure solution of 
ethanol (5.4 ml) was subsequently added to the aqueous solution. A new set of spectra 
were then collected in the dark. Prior to illumination, the last spectrum of the ethanol 
solution was recorded in the dark with the TiO2 layer being subtracted, and another spectra 
was collected during UV irradiation. 
The interferometer and the infrared light path in the spectrometer were constantly purged 
with argon and nitrogen to avoid H2O and CO2 contamination. The spectra were recorded 
with 300 scans at 4 cm-1 resolution and analyzed using OPUS version 6.5 software. 
Irradiation of samples with UV(A) light was carried out using an LED lamp (Model LED-
Driver, THORLABS) emitting UV light (365 nm). The distance from the UV lamp to the 
surface of the test solution was kept 30 cm on which the intensity of UV(A) light was of 
1.0 mWcm-2 as measured by UV radiometer (Dr. Honle GmbH, Martinsried, Germany). 
3.4 Results and Discussion  
3.4.1 Adsorption of H2O and D2O on TiO2  
Figure 1 shows the ATR-FTIR spectra of H2O–D2O mixtures adsorbed on the surface 
of TiO2 in the dark. The IR spectrum of the adsorbed water on TiO2 is represented by a 
strong IR absorbance of an O–H stretching band in the region between 3700 and 2850 cm-
1 and a bending mode of δ (H–O–H) at 1638 cm-1 which is assigned to undissociated water 
molecules. When D2O was used instead of water, all the bands that correspond to the 
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adsorbed water on TiO2 surface were shifted to lower frequency with exchanging H for 
D, resulting an O–D stretching band in the region between 2750-2050 cm-1 and δ (D–O–
D) bending band at 1205 cm-1. 
It can be clearly seen from these spectra that the intensity of the band in the OH-stretching 
region decreased gradually with increasing the loading of D2O. The peak of the 
isotopologue HDO bending band centred at 1450 cm-1 was formed and increased by 
increasing the concentration of H2O in D2O until it approached equimolar proportions [8], 
and this then decreased again with further increases in the quantities of H2O in D2O (Fig. 
1 inset).  
 
Figure 1. ATR–FTIR spectra of D2O–H2O mixtures with different concentrations 
adsorbed on TiO2 in the dark. (Copyright 2015 Royal Society of Chemistry.) 
Adsorbed D2O molecules on TiO2 surfaces are expected to affect the behavior of 
hydroxyl groups, thus a series of experiments for water adsorption with different ratios of 
D2O were performed before and after UV irradiation in the presence of oxygen. Figure 2 
shows the time evolution of the intensity of the integrated spectral areas of the OH and 
OD stretching groups before and after UV(A) irradiation with different ratios (H2O:D2O). 
As can be clearly seen, in the dark, at low concentrations of H2O (H2O% <D2O%), a strong 
decrease in the amount of OH stretching was observed. Simultaneously, the amount of 
OD stretching groups adsorbed on TiO2 increased during this period until the system 
reached equilibrium. In contrast, at higher concentrations of H2O (H2O% > D2O%), both 
OH and OD stretching bands increased. Interestingly, at an equimolar mixture of 50% 
H2O and D2O, a decrease in intensity of OH stretching with a simultaneous increase in the 
OD stretching could be observed in the dark. These results suggest that the deuteride ions 
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show a stronger adsorption ability in the dark than hydroxyl ions at the surface of the TiO2 
material. Thus, the deuteride ions could lead to an isotopic exchange process by replacing 
the hydroxyl groups adsorbed on the TiO2 surface (reaction 1) [9]:  Ti − OH +  OD−  ⟶   Ti − OD +   OH−              (1) 
 
 
 
Figure 2. Time evolution of the intensity of the integrated spectral areas of the OH and 
OD stretching groups before and after UV(A) irradiation with different ratios (H2O:D2O). 
(Copyright 2015 Royal Society of Chemistry.) 
 
When the system was subsequently illuminated with UV(A) light in presence of 
oxygen, the amount of OH and OD group stretching increased almost immediately. These 
results indicate that UV irradiation leads to an increase in the number of surface OH 
groups which in turn increases the hydrophylicity of the TiO2 surface. These results, 
however, might be attributed to either an increase in the number of surface OH groups by 
the formation of new OH and OD groups on the surface or by increasing the amount of 
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H2O and D2O molecules chemisorbed on the TiO2 surface. Several mechanisms have been 
discussed to explain photoinduced hydrophilicity on TiO2 surface. Hashimoto et al. 
reported that the increase in the amount of OH groups was believed to be caused by 
dissociative adsorption of water in vacancies resulting two kinds of hydroxyl groups on 
the surface i.e., bridging and terminal hydroxyl groups [4]. Another mechanism was 
proposed by Yates et al, who demonstrated that under UV light irradiation the 
decomposition of organic contaminants can take place leading to the creation of 
superhydrophilic surfaces [10].  
Figure 3 shows the time evolution of the intensity of the integrated spectral areas of 
the OH and OD stretching groups before and after UV irradiation at prolonged time 
periods. As can be clearly seen, an isotopic exchange between deuteride ions and hydroxyl 
groups have been achieved in the dark. Interestingly, after 6 h of UV irradiation, however, 
no isotopic exchange was detected between hydroxyl groups and deuteride ions during a 
prolonged time in the dark. From this result, we suggest that the increase of OH and OD 
stretching groups under irradiation is most likely caused by adsorption of H2O and D2O 
molecules, respectively, and not by the generation of hydroxyl groups.  
 
Figure 3. Time evolution of the intensity of the integrated spectral areas of OH and OD 
stretching groups before and after UV(A) irradiation with prolonged time (Alternately). 
(Copyright 2015 Royal Society of Chemistry.) 
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In order to elucidate the mechanism of the adsorption of H2O and D2O, the effect of 
oxygen on the OH and OD group behavior on the TiO2 surface have been investigated. 
The integrated intensity of the OH and OD stretching groups increased significantly upon 
illumination in the presence of molecular oxygen. By contrast, when the sample was 
purged with nitrogen or argon, no increase in the OH and/or OD stretching group was 
observed (Figure are not shown). These results clearly indicate that the presence of O2 is 
necessary to enhance the photoadsorption of H2O and D2O on TiO2 surfaces during UV(A) 
irradiation. Our results confirm the critical influence of oxygen on adsorption behavior, 
resulting in an increase the adsorption of H2O and D2O on TiO2 surfaces which is most 
likely caused by a photoinduced charge transfer process [9]. Takeuchi et al. proposed that 
when TiO2 surfaces were irradiated with UV light in the absence of O2, the electrons 
trapped on the Ti3+ sites were not scavenged by O2 and the holes trapped on the TiO2 
surface were immediately consumed to oxidize the lattice oxygen, resulting in the 
formation of oxygen vacancies. Such photoreduced TiO2 surfaces can behave as 
negatively charged surfaces. Thus, water molecules hardly adsorb on the photoreduced 
surfaces due to repulsive effects (Scheme 1) [11]. 
Scheme 1 Interaction model of adsorbed water during UV(A) light irradiation in the 
absence and presence of O2 molecules. (Copyright 2015 Royal Society of Chemistry.) 
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3.4.2 Adsorption of ethanol in H2O and D2O on TiO2  
Figure 4 and 5 show the time evolution of the spectra of adsorbed ethanol on TiO2 in 
H2O a) and D2O b) respectively, in the dark and under UV(A) irradiation in the presence 
of O2. The adsorption of ethanol (30 vol%) and water on TiO2 were performed in the dark 
with molecular ratios of 12% and 88% respectively. As shown in figure 4, the adsorption 
of ethanol on TiO2 produces several positive absorption bands in the region 3000-2750 
cm-1 and 1470-1250 cm-1 which are assigned to different types of CH vibration of on both 
CH2 and CH3 groups [12,13]. The two most prominent peaks of the adsorbed ethanol 
appeared at 1043 cm-1 and 1085 cm−1 which are assigned to the symmetric and asymmetric 
stretching frequencies of the CO stretching modes [14]. Since water and D2O were used 
as the background and over subtraction occurred, a broad negative band assigned to band 
bending δ (H–O–H)/δ (D–O–D) and hydroxyl group stretching OH/OD were observed. 
It can clearly be seen from figure 4a that in the dark the typical bands of adsorbed ethanol 
increased. Simultaneously, the negative band corresponding to the water adsorption 
decreased. Even though the molecular ratio of ethanol was very low (12%) compared to 
water and D2O (88%), a similar desorption behavior of D2O, was observed during the dark 
period. This phenomenon is clearly due to the stronger adsorption of ethanol on the TiO2 
surface compared to water resulting in desorption of water and D2O molecules. It has 
previously been reported that alcohol and water adsorb competitively on the oxide surface 
both molecularly and dissociatively, with the formation of surface hydroxyl and methoxy 
groups [15]. As shown in Fig. 4b unlike the case of water, the typical bands of adsorbed 
ethanol, as well as the band centered at 3395 cm-1 which is assigned to the OH group of 
ethanol have increased. These results indicate clearly the adsorption of molecular ethanol 
on the TiO2 surface. Simultaneously, a new band at 949 cm
-1 was observed, which 
increased during the adsorption of ethanol in the dark. This band has previously been 
assigned in the literature to OD band bending of deuterated ethanol, Et(OD) [16]. 
Interestingly, no isotopic exchange was detected in the region 3000-3600 cm-1 although 
the adsorption of ethanol occurred in D2O. This result also confirmed that molecular 
ethanol was adsorbed on the TiO2 surface. It has also been reported that, ethanol 
dissociates on TiO2 resulting in sorbed ethoxide groups atop of Lewis acidic Ti
4+ centers 
(monodentate) or between two Ti4+ centers (bidentate), while the H from the alcohol 
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associates with a neighboring basic surface O to form an OH group [17]. The increasing 
band bending of OD at 949 cm-1 (Fig.4b), indicated the dissociation of deuterated ethanol 
on the TiO2 surface resulting ethoxide at Ti
4+ and the D at a neighboring basic surface. 
According to ref. [18] and [15], the proposed dissociation and isotopic exchange reaction 
of ethanol in the heavy water (D2O) are as follows:  CH3CH2OH +  D+  ⟶   CH3CH2OD +   H+              (2) CH3CH2OD ⟶   CH3CH2O − Ti +    O − D             (3) 
From this result, we suggest that in the dark, ethanol can adsorb on TiO2 surface in both, 
molecular and dissociation forms.   
 
 
Figure 4. Time evolution of the ATR–FTIR spectra of adsorbed ethanol on TiO2 in H2O 
a) and D2O b) in the dark. 
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Figure 5 shows the time evolution of the ATR–FTIR spectra (1800-800 cm-1) of 
adsorbed ethanol on TiO2 in H2O a) and D2O b) under UV irradiation in the presence of 
O2. As can be seen clearly under UV irradiation, the typical bands of adsorbed ethanol 
solutions have decreased in H2O and D2O. A strong decrease in the intensities of the two 
prominent peaks of the adsorbed ethanol at 1047 cm-1 (CO) and 1085 cm-1 (C-C) 
decreased in H2O as well as in D2O where the intensities were much higher than in water. 
Additionally, the bands in the 1740-1710 cm-1 and 1600-1520 cm-1 regions, which were 
assigned respectively to carbonyl and carboxylate groups increased gradually. These 
results indicate that the ethanol was photocatalytically oxidized resulting in the formation 
of acetaldehyde and acetic acid as photoproducts [17,13]. 
Interestingly, the typical band of water and D2O increased when the system was performed 
under UV irradiation (Figure 5b). This result can tentatively be explained either by 
photoinduced charge transfer process or by the formation of water as an intermediate 
product. Lin et al. proposed mechanism pathways of the formation of CH3COad, CO2, and 
H2O as photoproducts in the presence of O2 during the oxidation of ethanol [19,20]. 
Although, it is well known that the ethanol can be easily adsorbed onto TiO2 surfaces, 
however the adsorption mechanism of water and D2O on TiO2 surfaces are still unclear. 
 
  
 
Chapter 3 
 
52 
 
 
Figure 5. Time evolution of the ATR–FTIR spectra (1800-800 cm-1) of adsorbed ethanol 
on TiO2 in H2O a) and D2O b) under UV irradiation in the presence of O2. 
In order to clarify the main factors affecting the adsorption of water during UV 
illumination, the effect of O2 has been investigated. Figure 6 shows the evolution of the 
adsorbed ethanol spectra (1800-900 cm-1) under UV irradiation in the absence of O2 in 
water a) and D2O b). In the dark, the adsorption behavior of ethanol in water and D2O was 
observed in the IR spectrum (Figure not shown) which were similar to those reported in 
figure 4. 
Under UV irradiation, the typical bands of adsorbed ethanol decreased in water and D2O 
(figure 6). In the meantime, the increase of the intensities of carbonyl and carboxylate 
groups was observed, which is similar to the observation in the presence of oxygen. As 
expected, the shifting of the background during oxidation of ethanol was observed. The 
upward baseline shift during irradiation was interpreted as transient and persistent diffuse 
reflectance infrared signals due to the accumulation of free electrons at the conduction 
band of TiO2 particles upon irradiation, where the baseline IR absorption for TiO2 rises 
immediately upon UV irradiation [21]. Similar results were reported by Highfield et al., 
who clearly observed the direct hole oxidation of the adsorbed ethanol molecules by 
photoinduced holes (h+) at the valence band of TiO2 [17]. Interestingly, although the 
photocatalytic system occurred in the absence of O2, a similar behavior of the adsorption 
of water and D2O has been observed. Additionally, when D2O was used instead of water, 
no formation of H2O was detected in presence and absence of O2 respectively, in figure 
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5b and figure 6b. This result would exclude the possibility that the adsorption of water 
and D2O in presence of ethanol resulted either from photoinduced charge transfer process 
or from adsorption of water formed as product. 
  
 
 
Figure 6. Time evolution of the ATR–FTIR spectra of adsorbed ethanol on TiO2 in H2O 
a) and D2O b) in the absence of O2. 
 
Considering the effect of UV light on TiO2 particles, however it seems that the 
particle network resulting under UV light irradiation might be responsible for the 
enhancement of water adsorption on TiO2 particles due to a new distribution of the 
particles. 
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Several interpretations of the mechanism of the UV-induced hydrophilicity have been 
reported in the literature which can explain the behavior of water adsorption. Yates et al., 
reported that only under UV light illumination could the decomposition of organic 
contaminants take place leading to the generation of hydrophilic surfaces [10]. On the 
other hand, Wang et al. found that the total TiO2 exposed surface increased under UV(A) 
illumination leading to an increase in the surface area due to de-aggregation of particle 
agglomerates which in turn enhanced the photonic efficiency [6]. The same mechanism 
was considered by Mendive et al. who demonstrated that due to de-aggregation of particle 
the water molecule could fill the space between the particles (Scheme 2), which was 
demonstrated by the increase in the IR band corresponding to the bending mode of water 
[22]. In other studies, Thermal chemistry showed that there were mainly two reaction 
channels for ethanol desorption which lead to the suggestion of a mechanism involving 
the creation of new adsorption sites for water adsorption by means of a photothermal-
desorption of adsorbed ethanol molecules [15]. The behavior of the preadsorption of water 
on the thermal desorption reaction of ethoxy has been reported by Gamble et al. [23]. 
From these results we suggest that the adsorption of water and D2O are most likely to 
occur via photothermic rather than photoelectronic processes.  
Scheme 2. Proposed Mechanism of TiO2 Nanoparticle Layer Expansion (Copyright 2011 
American Chemical Society.) 
 
Based on the hypotheses reported in the literature, i.e., the de-aggregation concept, 
super-hydrophilicity phenomena and photo-induced removal of impurities, we suggest 
that the adsorption of H2O and D2O molecules on TiO2 surfaces during UV light 
irradiation occurred not only by photoinduced charge transfer processes (photoinduced 
adsorption/desorption and photocatalytic reaction) but also by thermal processes (thermal 
desorption and de-aggregation of particle). 
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3.5 Conclusions 
The behavior of adsorbed H2O and D2O in photocatalytic processes and in 
photoinduced hydrophilicity on TiO2 surfaces has been studied in the presence and 
absence electron (O2) and holes (ethanol) scavenger. Adsorption of H2O with different 
ratios of D2O on TiO2 revealed different isotopic exchange reactions, which take place in 
the dark. Upon illumination with UV light in the presence of O2, both OH and OD groups 
are formed leading to increase the hydrophilicity of the TiO2 surface. The increase in the 
amount of OH and OD groups is suggested to be caused by photoinduced charge transfer 
allowing the adsorption of H2O and D2O onto the TiO2 surface. The FTIR spectra of 
ethanol in the dark shows the coexistence of ethanol adsorption both, in molecular and in 
dissociation forms. Under UV(A) illumination the typical EtOH bands decreased on the 
surface while the adsorption of water and D2O increased. Several mechanisms reported in 
the literature can explain this behavior, such as replacement of surface impurities that are 
photocatalytically destroyed, exchange of adsorbed water molecules by thermal 
desorption of ethanol and increase of hydroxylation by augmentation of surface area due 
to the deaggregation of particles agglomerates. 
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4 Pathways of the Photocatalytic Reaction of Acetate in H2O and D2O: A 
Combined EPR and ATR-FTIR Study 
 
4.1 Abstract 
The adsorption and photocatalytic degradation of acetate on TiO2 surfaces was 
investigated in H2O and D2O by ATR-FTIR and EPR Spectroscopy respectively. These 
studies were carried out in the dark and under UV(A) illumination to gain additional 
insights into the adsorption behaviour with the identification of paramagnetic species 
formed during the oxidation of acetate. Isotopic exchange during the adsorption of D2O 
on TiO2 surface led to different interactions between the adsorbate and OD groups. At 
different pH levels, several surface complexes of acetate can be formed such as 
monodentate, or bidentates. Under UV(A) irradiation of TiO2 aqueous suspensions, the 
formation of hydroxyl and methoxy radicals evidenced as the corresponding spin-adducts, 
were found to dominate in alkaline and acidic suspensions respectively. Two possible 
pathways for the oxidation of acetate have been suggested at different pH levels in solution 
in terms of the source of the spin adduct formed. These proposed pathways were found to 
be in good agreement with ATR-FTIR and EPR results. 
Keywords: TiO2, Acetate, Adsorption, D2O, pH, Photocatalysis, In-situ ATR-FTIR, EPR 
spin trapping. 
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4.2 Introduction 
Titanium dioxide, (TiO2), is an effective photocatalyst for the degradation of a broad 
range of organic pollutants [1]. The photocatalytic oxidation processes of organic 
pollutants is initiated by the formation of valence band holes (h+vb) and conduction band 
electrons (e-cb) which are formed in a TiO2 particle upon ultra band gap illumination. 
Consequently, the TiO2 particles act as electron donors and electron acceptors for 
molecules in the surrounding medium. For example, the holes may react with water and/or 
hydroxyl ions to form hydroxyl radicals, while the excited electrons react with molecular 
oxygen to form superoxide radicals and hydrogen peroxide [2]. It was previously reported 
that the oxidation of organic pollutants on the surface of TiO2 proceeds via two pathways 
[3]. One pathway involves photogenerated holes that oxidize adsorbed pollutant species 
directly. In the second pathway, pollutants are oxidized indirectly by free radicals 
produced at the TiO2 surface. 
Acetic acid/acetate has been used as the model pollutant by many research groups for the 
study of fundamental photocatalytic mechanisms. In oxygen free conditions, Muggli et al, 
reported that the photocatalytic decomposition of acetic acid on TiO2 resulted in the 
formation of CO2, with CH4, and C2H6, as intermediate products [4,5]. In aerated aqueous 
solution, Carraway et al, have shown that acetate is rapidly photooxidized on ZnO colloids 
to give formate and glyoxylate, as intermediate products which serve as effective electron 
donors on illuminated ZnO surfaces [6]. In another study, it was reported that during 
photocatalytic oxidation of acetic acid on platinized TiO2, the methyl radical could be 
formed via two reaction pathways [4]. It was reported that in the presence of oxygen the 
photocatalytic degradation of acetate in a suspension of TiO2 both the holes and hydroxyl 
radicals acted as oxidising species and it was suggested that two types of reactions may 
be responsible for the TiO2 mediated photodegradation of acetate:[6]  
(i) direct hole oxidation of adsorbed acetic acid/acetate molecules by 
photoinduced holes (h+) at the valence band of TiO2 semiconductor, or/and  
(ii) indirect oxidation via hydroxyl radicals or other reactive oxygen species such 
as superoxide radicals and hydrogen peroxide.  
In contrast, the adsorption of substrates was also one of the most important 
determinants for the photocatalytic degradation process. Robertson et al. suggested that 
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the direct charge transfer to organic molecules required that the scavenging molecules 
were adsorbed on the TiO2 surface prior to the adsorption of the photon [3]. Furthermore, 
the adsorption behaviour of organic molecules was different during UV illumination [7]. 
Mendive et al. reported that the deaggregation of particles agglomerates occurred during 
UV irradiation resulting in an greater available surface area which in turn enhanced the 
photonic efficiency [8]. Adsorbed species such as water or molecular oxygen, together 
with the influence of pH are also expected to affect the degradation pathway on TiO2 
surface but their overall influences have yet to be clearly determined.  
For a better understanding of the interfacial acetate/TiO2 interactions, we have studied 
the adsorption of acetate on anatase surfaces (UV100) in H2O and D2O, as well as the 
formation of reactive oxygen species (ROS) using attenuated total reflection Fourier 
transform infrared (ATR-FTIR) and electron paramagnetic resonance (EPR) 
spectroscopy. This paper considers the effect of pH in terms of the adsorption behaviour 
of acetate on TiO2 surfaces as well as the formation of primary intermediate radicals 
before and after UV(A) irradiation in order to provide further insight into the interfacial 
reaction mechanism of acetate decomposition during UV irradiation. 
4.3 Experimental section 
4.3.1 Materials 
TiO2 (Hombikat UV100, 100% anatase) was kindly supplied by Sachtleben Chemie. 
Sodium acetate trihydrate (≥99.5%) was purchased from ROTH. The spin traps 5,5-
dimethyl-1-pyrroline-N-oxide (DMPO) and Deuterium oxide (D2O) (99.9 atom% D) were 
purchased from Sigma Aldrich. Deionized water (H2O) was supplied from a Millipore 
Mill-Q system with a resistivity equal to 18.2 Ω cm at 25 °C. pH adjustments and 
measurements were performed using a Metrohm 691 model pH-meter using 0.5 mol L-1 
of HNO3 or NaOH. 
4.3.2 ATR-FTIR Spectroscopic Measurements 
4.3.2.1 Preparation of TiO2 film on the ATR-FTIR Crystal 
Initially, an aqueous suspension of TiO2 at a concentration of 5 g l
-1 was prepared and 
sonicated for 15 min in an ultrasonic cleaning bath. An aliquot of 400 µL of the TiO2 
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suspension was placed on the surface of the ZnSe ATR crystal and this small volume was 
simply spread by balancing the unit manually. The suspension was then dried by storing 
the crystal in a semi-opened desiccator at room temperature. Prior to deposition of the 
TiO2 films, the ZnSe surfaces (area = 6.8 mm×72 mm) were cleaned by polishing with 1 
mm diamond paste (Metadi II, polishing grade) and rinsed with methanol and deionised 
water. The coverage of the final dry layer of particles obtained was 2.3 g m-2 and the layer 
appeared to be very homogeneous under visual inspection. In the original preparation by 
Hug et al, Atomic Force Microscopy (AFM) measurements of layers with coverage of 2.3 
g m-2 yielded a thickness of 1-3 µm [9]. The final resulting layers of particles remained 
stable over the entire course of the experiment. Thus, it was assumed that the effective 
path lengths at all wavelengths remained unchanged. 
4.3.2.2 ATR FTIR measurement 
The ATR-FTIR spectra of the TiO2 samples were monitored by a FTIR spectrometer 
(IFS 66 BRUKER) equipped with an internal reflection element 45º ZnSe crystal and a 
deuterated triglycine sulfate (DTGS) detector. The interferometer and the infrared light 
path in the spectrometer were constantly purged with Argon and nitrogen to avoid H2O 
and CO2 contamination. The spectra were recorded with 300 scans at 4 cm
-1 resolution 
and analyzed using OPUS version 6.5 software.  
Irradiation of samples with UV(A) light were carried out using an LED lamp (Model LED-
Driver, THORLABS) emitting UV light (365 nm). The distance from the UV lamp to the 
surface of the test solution was kept 30 cm on which the intensity of UV(A) light was of 
1.0 mWcm-2 as measured by UV radiometer (Dr. Honle GmbH, Martinsried, Germany). 
In order to observe the interaction between water/deuterium oxide and acetate at 
TiO2/aqueous solution interface, a first infrared spectrum was taken as a reference 
background. Prior to starting the irradiation experiments, spectra of adsorption of acetate 
(10-1 M) with H2O or D2O on the TiO2 were monitored in the dark. When the last spectrum 
of each experiment had been recorded in the dark, the UV(A) lamp was turned on and 
another sequence of spectra was recorded. 
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4.3.3 EPR measurement 
EPR spectra were recorded at room temperature on a MiniScope X-band EPR 
spectrometer (MS400 Magnettech GmbH, Germany) operating at 9.41 GHz field 
modulation. The acquisition parameters were as follows: centre field: 335.4086 mT, 
sweep time 60 s, number of points: 4096, number of scan: 1, modulation amplitude: 0.2 
mT, power: 10 mW, gain: 5. The experimental EPR spectra acquisition and simulation 
was carried out using MiniScope and Winsim 2002 software. 
The samples for EPR measurements were prepared as follows: TiO2 (1g L
-1) was 
suspended in water or D2O with concentration of acetate (10
-3 M). The solution (10 ml) 
was stirred for at least 30 min in the dark to allow equilibration of the system. Before the 
measurement, 1 mL of 10-3 M acetate was introduced into the eppendorf tube and then 200 
µL of 20 mM of DMPO was immediately added to the solution. The tube was shaken by 
hand to ensure homogenization of the sample. Subsequently, approximately 500 µL of 
this sample was immediately transferred into quartz flat cell cuvette (FZK 160-7×0.3) 
designed for EPR analysis. The samples were irradiated directly in the EPR spectrometer 
microwave cavity by a spot UV-light (LC8, Hamamatsu, 200 W super-quiet mercury-
xenon lamp) through the quartz window of the cell for the experiments. 
4.4  Results  
4.4.1 ATR-FTIR study 
4.4.1.1 Adsorption of acetate in H2O and D2O on TiO2 
Fig. 1 and 2 show the time evolution of the spectra of adsorbed acetate on TiO2 in 
H2O (pH 6.0) and D2O (pD 6.4) [10] respectively in the dark (a) and under UV(A) 
irradiation (b). The inserted figures show the time evolution of the ATR-FTIR spectral 
region at 2500-800 cm-1 (Fig.1) and 2000-800 cm-1 (Fig.2) where typical bands assigned 
to acetate anions can be clearly observed. The two most prominent peaks of the adsorbed 
acetate at 1450-1400 and 1600–1545 cm−1 are the symmetric and asymmetric stretching 
frequencies of the carboxylate ion (νsy COO and νasy COO) respectively [11]. Since the 
first infrared spectrum (water and acetate) was used as the background, a negative band 
of water bending mode was observed. The carbonyl zone was also observed from 1700 to 
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1500 cm-1, and included C=O and O–C=O stretching modes [12]. However, these bands 
are obscured by relatively strong negative δHOH at 1638 cm-1 which are very similar to 
those obtained by other workers [13,[14]. The bands at 1045 cm-1 have previously been 
assigned in the literature to rocking CH3 vibrations[15,16] whereas the bands at 925-975 
and  900 cm-1 can be assigned, respectively to C-C and OH bending [11,17,12]. 
 
 
Fig. 1.  Time evolution of the ATR–FTIR spectra of adsorbed acetate in the presence of 
O2 on TiO2 at pH 6.0 a) in the dark for 3 h, b) under 6 h of UV(A) illumination. 
On the other hand the adsorption of H2O and D2O take place on the TiO2 surface which is 
represented by strong IR absorbance of the OH stretching (3000-3600 cm-1) and OD 
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stretching regions (2300-2700). In addition the bands at 1638 cm-1 and 1205 cm-1 can be 
assigned to the molecular bending modes of H2O δ (H–O–H) and D2O δ (D–O–D), 
respectively. It can be clearly seen from figure (Fig. 1a) that in the dark typical bands of 
adsorbed water as well as the band centred at 1045 cm-1, which is assigned to the CH3 
group, have increased. A strong decrease in the intensities of carboxylate group, however, 
have also been detected. This negative band indicates the decrease in the IR intensity (I) 
with respect to I0 due to the background subtraction [18,14,19]. The band observed at 2360 
and 2342 cm-1 was assigned to the CO2 group which decreased due to the desorption of 
molecular CO2 contamination [8]. When D2O was used instead of water, the shifting of 
D2O band bending at 1205 cm
-1 revealed the same vibrational bands that corresponded to 
the symmetric and antisymmetric ν (COO−) stretching vibrations (Fig. 2a). Furthermore, 
the intensity of the band of D2O adsorption (OD stretching, D–O–D bending) also 
increased. Surprisingly, unlike the case of water adsorption, the intensity of the band 
assigned to CH3 at 1045 cm
-1 and OH bending at 900 cm-1 gradually decreased during the 
dark period. These results indicate that adsorption of D2O on TiO2 surfaces clearly affects 
the behaviour of acetate adsorption. Additionally, it is obvious from the spectra that the 
intensity of the OH-stretching band centred at 3269 cm-1 decreased gradually in the dark 
(Fig. 2a). Our previous study reported that in the dark the deuterated ion showed a stronger 
adsorption than hydroxyl ions on the surface of TiO2, resulting in an isotopic exchange by 
replacing hydroxyl groups adsorbed on the TiO2 surface (reaction 1) with OD groups [20]. Ti − OH + OD−  ⟶   Ti − OD +   OH−              (1) 
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Fig. 2.  Time evolution of the ATR–FTIR spectra of adsorbed acetate in D2O in the 
presence of O2 on TiO2 at pD 6.4 a) in the dark for 3 h, b) under 6 h of UV(A) illumination. 
When the system was subsequently illuminated with UV(A) light in presence of 
oxygen, the intensity of the typical bands assigned to the acetate anions in H2O (Fig. 1b) 
and D2O (Fig. 2b) increased. The upward baseline shift following irradiation was 
interpreted as transient and persistent diffuse reflectance infrared signals due to the 
population of conduction band electrons upon irradiation of TiO2 particles, where the 
baseline IR absorption for TiO2 rises immediately upon UV irradiation [21,14]. 
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Meanwhile, the band at 1045 cm-1 assigned to the CH3 rocking vibration increased and 
appeared to be stronger in water than in D2O, with a shoulder at 972 cm
-1 which could be 
assigned to the C-C band. Interestingly, although the interferometer was constantly purged 
with argon and nitrogen to avoid H2O and CO2 contamination, the intensity of the band 
assigned to CO2 increased during UV(A) illumination. Furthermore in the region of OH 
stretching (Fig. 1b), an increase of the band at 3480 cm-1 was observed which could be 
assigned to the formation of H2O2 [20]. Conversely, as shown in Fig. 2b, the OH stretching 
band increased and shifted towards a higher wavenumber (3480 cm-1) during UV(A) 
irradiation. These indicate the formation of these band can be attributed to 
photocatalytically generated CO2 and H2O2 as photoproducts.  
4.4.1.2  Effect of pH 
Figs. 3 and 4 show the evolution of the adsorbed acetate spectra in the dark a) and 
under UV(A) irradiation b) over time at pH 3 and 9 respectively. The pH values of the 
solution during UV (A) irradiation have been recorded (Table S1, Supplementary 
Information). In the IR spectrum, a similar adsorption behaviour with respect to the water 
band was observed in the dark. In contrast, the behaviour of acetate adsorption depended 
strongly on the solution pH. At pH 3 the band centred at 1066 cm-1 which includes the 
CH3 vibration, showed a higher intensity compared to that observed at pH 9 where the 
band shifted and centred with a lower intensity at 964 cm-1 (Fig. 4a). The shifting of the 
absorption maximum with lower intensity can be explained by the interaction of the 
carboxylate ions with protons resulting in a small OH bending band at 900 cm-1. 
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Fig. 3.  Time evolution of the ATR–FTIR spectra of adsorbed acetate in the presence of 
O2 on TiO2 at pH 3, a) in the dark for 3 h, b) under 6 h of UV(A) illumination. 
The spectral development of acetate adsorption under UV illumination at pH 3 and 9 are 
shown in Figs. 3b and 4b, respectively. The symmetric and asymmetric stretching 
vibrations of carboxylate ions increased during UV irradiation. As can be seen clearly in 
the region of OH stretching the band at 3480 cm-1 assigned to Ti-OOH also increased 
during UV irradiation in acid and alkaline solutions. The behaviour of the CO2 bands at 
2360 and 2342 cm-1, however, are clearly different. It is worth noting that at pH 6 (Fig. 
Chapter 4 
 
68 
 
1b) and pH 9 (Fig. 4b) the CO2 band increased while at lower pH (Fig. 3b) the band 
decreased during UV(A) illumination. These results indicate that the photocatalytic 
reactions on the TiO2 surfaces are different and depend strongly on the solution pH. 
 
 
Fig. 4.  Time evolution of the ATR–FTIR spectra of adsorbed acetate in the presence of 
O2 on TiO2 at pH 9, a) in the dark for 3 h, b) under 6 h of UV(A) illumination. 
 
 
 
Chapter 4 
 
69 
 
4.4.2 EPR study 
4.4.2.1 EPR spin-trapping studies of radicals generated 
The EPR spin-trap technique was employed using DMPO as a spin-trapping agent to 
probe the nature of the reactive oxygen species generated during the degradation of acetate 
in the presence of molecular oxygen. Fig. 5 shows the time course EPR spectra monitored 
by DMPO (spin-trap) at pH 6.0 in water (a) and pD 6.4 in D2O (b) before and after UV(A) 
irradiation. As shown in Fig. 5, no EPR signals were observed in H2O and D2O when the 
reaction was performed in the dark. In contrast, under UV irradiation the photoexcitation 
of acetate (10-3M) in TiO2 aqueous suspensions in the presence of DMPO spin trap leads 
to the production of a four-line of EPR signal (with approximate intensities 1:2:2:1) in 
both H2O and D2O. The quartet peak intensity of the DMPO adduct with a 1:2:2:1 intensity 
in H2O as well as in D2O were virtually identical (Fig. 5b).  The hyperfine parameters for 
the two DMPO adducts are: aN= 1.477 mT, aH= 1.485 mT, g= 2.0057; for the DMPO-OH 
adducts these are aN= 1.477 mT, aH= 1.485 mT, g= 2.0057. The DMPO-OH or DMPO-
OD adducts are detailed in Fig. S1, (Supplementary Information). To take into account 
the presence of isotopic exchange (Ti − OH + OD− ⟶  Ti − OD + OH−) before UV(A) 
illumination, leads to the suggestion that these quartet peaks are assigned to a DMPO–OD 
adduct, which can be formed by oxidation of the D2O or OD group [22]. It can be clearly 
observed, however, that after 1 min irradiation the intensity of the peaks gradually 
decreased.  
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Fig. 5. DMPO spin-trapping EPR spectra in the dark and under UV(A) irradiation at pH 
6.0 in water (a) DMPO-OH (aN = 1.477 mT, aH = 1.485 mT; g = 2.0057) and pD 6.4 in 
D2O (b) DMPO-OD (aN = 1.477 mT, aH = 1.485 mT; g = 2.0057). 
 
Fig. 6 shows the EPR spectra observed during the photocatalytic reaction at pH 9 
(Fig. 6a) and pH 3 (Fig. 6b). As can be seen in the dark, such signals were not detected at 
either pH 9 or pH 3. When the sample was exposed to UV(A) irradiation at pH 9, however, 
four characteristic peaks of the DMPO-OH• adduct were observed with a maximum 
intensity after 3 min of irradiation which exhibits a hyperfine splitting constant aN= 1.475 
mT, aH= 1.481 mT and  g-value= 2.0057 (Fig. S2, Supplementary Information). After that 
the EPR signal of DMPO-OH• completely decayed towards zero with continued UV 
irradiation (Fig. 6a). In contrast, at pH 3 (Fig. 6b), several peaks are formed. Due to spin-
spin interactions these characteristic peaks might be assigned to a mixture of spin adducts 
of DMPO−●OOH/O2●− [23,24] and DMPO-OCH3 spin-adducts [25]. Brezova´ et al 
reported that the DMPO−●OOH/O2●− spin adducts have very low stability and are 
converted to DMPO-OH• in aqueous media [26]. The simulation analysis of the 
experimental EPR spectra (Fig. S3, Supplementary Information) revealed the interaction 
of EPR signals attributed to DMPO-OH (aN= 1.475 mT, aH= 1.475 mT; g= 2.0057)  and 
DMPO-OCH3 (aN= 1.452 mT, aH= 1.091 mT ; aH
γ = 0.121 mT; g= 2.0057). The EPR 
spectrum corresponding to the DMPO-OH• are clearly observed. Therefore, the other-line 
EPR signal is most likely to be attributed to the DMPO-OCH3 spin-adducts, which 
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increased during the first 3 min of UV(A) irradiation. The hyperfine splitting constants of 
the methoxy radicals (DMPO-OCH3) are similar to those reported by Zhu et al.[27] (Table 
S2, Supplementary Information). Furthermore, it was reported that methyl radicals may 
react immediately with molecular oxygen resulting in the generation of peroxomethyl 
radicals serving as a source of •DMPO–OCH3 spin-adducts [26, 28]. Time dependent EPR 
spectra show that after 3 min of irradiation the signal intensity of the DMPO-OH and 
DMPO–OCH3 adducts decrease during oxidation of acetate. These results clearly show 
the existence of different radical intermediates representing respectively, spin adducts of 
DMPO-OH• and DMPO-OCH3 at pH 9 and pH 3, which would provide new insight into 
the mechanism of oxidation of acetate at different pH levels. 
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Fig. 6. DMPO spin-trapping EPR spectra in the dark and under UV(A) irradiation at pH 
9 (a) DMPO-OH (aN = 1.475 mT, aH = 1.481 mT; g = 2.0057) and pH 3 (b) DMPO–OH 
adducts (aN = 1.475 mT, aH = 1.475 mT; g = 2.0057) and DMPO-OCH3 adducts (aN= 
1.452 mT, aH= 1.091 mT ; aH
γ = 0.121 mT; g = 2.0057). 
 
4.5 Discussion  
The photocatalytic activity for the decomposition of acetate depends strongly on two 
factors: the adsorption behaviour of acetate on TiO2 surface and the effect of reactive 
oxygen species formed as part of the process. Therefore, it is important to elucidate the 
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adsorption behaviour of acetate before and after UV(A) irradiation. As shown in figs. 1 
and 2, the spectrum of acetate adsorbed in the dark in H2O and D2O on TiO2 is 
characterized by two strongly negative bands at 1450-1400 and 1600–1545 cm−1, which 
can be assigned to symmetric νsy (COO−) and asymmetric νasy (COO−) stretching 
vibrations, respectively. It is important to consider, however, that during the adsorption of 
acetate the adsorption of H2O and D2O yielded positive peaks (Figs. 1 and 2). Guan et al. 
remarked upon a competitive reaction between the adsorption of water and organic 
compounds, which was dominated by the water adsorption because of the surface acidity 
[29]. On the other hand, Rotzinger et al have reported that the adsorption of acetate on 
TiO2 surface led to a specific reversible interaction of the carboxylate group with the TiO2 
surface [12]. Three different possibilities for the adsorption of carboxylate groups on TiO2 
surfaces have been proposed[12,30,31]: (i) As a bidentate structure, where both oxygen 
atoms bind to the same Ti atom. (ii) As monodentate replacing the basic OH group at the 
surface. (iii) As bidentate structure (bridging carboxylate) involving the carboxyl group 
and two Ti centres from the surface. The behaviour of acetate adsorption, however, is 
strongly influenced by the solution pH [30]. As can be seen clearly at pH 3 (Fig. 3a), the 
band centred at 1066 cm-1 which includes the CH3 vibration increased in the dark 
compared to at pH 9 where the band shifted and centred with a lower intensity at 964 cm-
1 (Fig. 4a). These results indicate that at pH < pHzpc the interaction of TiO2 with anions 
are favoured resulting in the formation of a bidentate structure involving two distinct Ti 
atoms (Scheme 1A). Recent theoretical work by Thornton et al.[32] has shown that the 
adsorption of acetic acid on anatase TiO2 is more likely to be a bidentate structure. 
Nevertheless, as can be seen from the ATR-FTIR spectra in D2O at neutral (pH ≈ pHzpc), 
isotopic exchange (reaction 1) had a clear effect on the behaviour of adsorbed acetate, 
where the intensity of OH bending at 900 cm-1 decreased and ultimately disappeared in 
the dark (Fig. 2a). The disappearance of this band would suggest an interaction between 
the carboxylate and OD group resulting in a reduction of the amount of OH bending 
(Scheme S1, Supplementary Information). These results indicate that at pH values next to 
the pHzpc, the acetate preferentially adsorbs on the positively charged anatase in the 
monodentate structure. This is facilitated by the presence of the hydrogen atom, which 
interacts with OH groups in the vicinity and these interactions are less intense due to the 
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weakly charged surface (Scheme 1B).  Whereas at higher pH (Fig. 4a), the negative 
charged surface repulse the negative charged acetate anions resulting weak bonds such as 
hydrogen bonds or dipole-dipole interactions. (Scheme 1C).   
                          
 
 
Scheme 1. Schematic representation for the adsorption of acetate on anatase surface 
(UV100) in the dark at pH < pHzpc (A), pH ≈ pHzpc (B), pH > pHzpc (C). 
 
Upon UV(A) irradiation an excited electron and positive hole are formed. The 
electron and hole may migrate to the catalyst surface where they can participate in redox 
reactions with adsorbed species. As can be seen in figs. 1b and 2b, the typical bands of 
adsorbed acetate as well as the bands of H2O and D2O adsorption have increased during UV 
irradiation. Wang et al. revealed the fact that under UV(A) illumination the total exposed 
TiO2 surface increases due to the de-aggregation of particles agglomerates which was 
explained by assuming that part of the absorbed light energy is converted non-
adiabatically into heat which is subsequently used to break the bonds between the particles 
thus producing additional surface area for the photocatalytic process [7]. Recently, we 
have shown that the excitation of TiO2 by UV light leads to an increase in the amount of 
adsorbed H2O and D2O in presence of oxygen by a photoinduced charge transfer process 
[20]. From this point of view the adsorption behaviour of acetate as well as the adsorption 
of intermediates formed during UV irradiation needs to be taken into account. This 
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assumption was confirmed by increasing again the typical bands of adsorbed acetate 
during UV (A) illumination (Fig. 1b). As shown in Fig. 2b, unlike the case of water, at 
900 cm-1 no increase of OH bending band have been detected in D2O (Fig. 2b). This fact 
may interpreted as a new rearrangement of acetate adsorption resulting in the shift of OD 
band bending to lower frequency (< 800 cm-1). Thus, the formation of OH band bending 
was not possible anymore as schematically illustrated in Fig. 2b. Furthermore the intensity 
of the band of CH3 formed at 1045 cm
-1 is lower in D2O compared in H2O during UV 
irradiation. These results indicate a specific interaction of D2O or /and OD group with 
intermediates on the TiO2 surface during the degradation of acetate. 
The effect of pH revealed the formation of the CO2 bands at 2360 and 2342 cm
-1 as 
well as the H2O2 band at 3480 cm
-1 at pH > pHzpc, (Figs. 1b and 4b), which can be 
considered as evidence for such adsorption intermediates being formed during oxidation 
of acetate. Interestingly, no formation of the CO2 band was observed at pH 3 (Fig. 3b). 
From these results we suggest that the pathway for the degradation of acetate during UV 
irradiation is different and related to the pH of the solution. It was reported that the 
degradation rates of acetic acid depend strongly on the pH of the suspension. Carraway et 
al., reported that on acidic suspensions, formate and formaldehyde have been detected as 
the only products of the photocatalytic oxidation of acetate, while in alkaline suspensions, 
the main products are glycolate and formate accompanied by smaller amounts of 
glyoxylate and formaldehyde [6]. 
The EPR investigation showed that in alkaline suspensions, upon photoexcitation of 
TiO2 in water, hydroxyl radicals are formed and this was confirmed by the addition of 
DMPO into the suspensions. This resulted in a significant increase of the DMPO–OH 
adduct EPR intensity (Fig. 6a). In contrast at lower pH levels, (pH 3) the signal intensity 
of hydroxyl radicals was negligible compared to that at pH 9 (Fig. 6b). These results 
suggest that at pH 9 the degradation of acetate mainly occurred by indirect oxidation via 
hydroxyl radical attack. Thus, the decrease of pH values of the solution only at pH 9 during 
UV(A) irradiation (Table S1, Supplementary Information) indicate that in alkaline 
solution the hydroxyl radicals are being predominately formed by oxidation of hydroxyl 
ions in the water layer adsorbed on TiO2 surfaces. On the other hand, Schuchmann et al, 
have reported that the hydroxyl radicals attack acetate ions primarily at the methyl group. 
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The radicals that are subsequently formed react quickly with molecular oxygen leading to 
the formation of different products (Scheme 2A) [33,34]. The existence of CO2 and H2O2 
as products was confirmed at pH 9 by means of in situ ATR-FTIR spectroscopy (Fig. 4b). 
As can be seen clearly at pH 3, a new spin adduct of DMPO-OCH3 has been also detected 
which was confirmed by Spin Fit simulations (Fig. S3, Supplementary Information). Fig. 
6b clearly shows that UV excitation of TiO2 leads to an increase in the typical signal of 
methoxy radicals (DMPO-OCH3; aN= 1.452 mT, aH= 1.091 mT; aH
γ = 0.121 mT; g= 
2.0057). This observation makes clear that the oxidation of acetate at pH 3 occurs mainly 
through direct oxidation by the hole (h+) resulting in the well-known Kolbe 
decarboxylation with the formation of methyl radicals. Different products are then formed 
when these methyl radicals react with oxygen [26]. As expected at pH 3, no formation of 
CO2 has been detected by ATR-FTIR spectroscopy (Fig. 3b), which confirms the validity 
of the proposed mechanism (Scheme 2B). In general, it is obvious from these results that 
the adsorption behaviour of acetate as well as the adsorption of water on TiO2 surfaces 
play a vital role for the trapping of photogenerated charge carriers upon UV(A) irradiation, 
which is strongly dependent on the pH of the suspension. 
 
 
Scheme 2. Proposed mechanism for the photocatalytic reaction of acetate at pH 9 (A) and 
pH 3 (B). 
 
4.6 Conclusion   
As an in-situ technique, ATR-FTIR studies provide important evidence of the 
adsorption behaviour of acetate on TiO2 surfaces before and after UV(A) irradiation. The 
experimental results have shown that the interaction of acetate with the TiO2 surface 
depends strongly on the pH of the suspension. Under acidic pH conditions, the formation 
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of a bidentate structure involving two distinct Ti atoms is favoured due to the interaction 
of TiO2 with anions. At pH values next to the pHzpc, the acetate preferentially adsorbs on 
the positively charged anatase in the monodentate structure. UV(A) irradiation of TiO2 in 
the presence of molecular O2 lead to the formation of H2O2 and CO2 as photoproducts in 
alkaline solutions, whereas in acidic solution, the only product of H2O2 was detected. 
Results of the EPR study indicate that the degradation of acetate at pH 9 mainly occurred 
by indirect oxidation via hydroxyl radical attack whereas at pH 3 the degradation of 
acetate occurs via direct oxidation of surface-bound acetate by valence band holes. 
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4.9 Supplementary Information 
 
Table S1. Time evolution of the pH values of the solution at different pH during UV (A) 
irradiation. 
Time (h) 0 1 2 3 4 5 6 
pH ≈ pHzpc 6.04 6.04 6.04 6.02 6.02 6.00 6.00 
pH < pHzpc 3.00 2.98 2.87 2.82 2.80 2.80 2.80 
pH > pHzpc 9.00 7.75 7.50 7.44 7.42 7.41 7.41 
 
Table S2. Hyperfine splitting constants of DMPO spin adducts. 
 
 
Spin-Adduct 
Hyperfine Coupling 
Constants (mT) 
This study 
Hyperfine Coupling 
Constants (mT) 
literature 
 
 
Reference 
aN aH aHγ aN aH aHγ 
DMPO–OH 1.477 1.485 - 1.49 1.49 - K. Makino 
et al.[1] 
DMPO–OD 1.477 1.485 - 1.49 1.49 - K. Makino 
et al.[1] 
DMPO-OCH3 1.452 1.091 0.121 1.45 1.07 0.132 
B. Zhu et 
al.[2] 
Hyperfine coupling constants in Gauss (1 G = 0.1 mT). 
 
 
Scheme S1. Schematic representation for the adsorption of acetate on anatase surface 
(UV100) in D2O in the dark at pH 6. 
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Fig. S1. Experimental (black) and simulated (red) EPR spectra measured after 1 min of 
continuous UV irradiation in the presence of spin trapping agent DMPO. Catalyst loading, 
1 g L-1; acetate (10-3M); DMPO (20 mM); pH 6. The simulation represents EPR signal of 
the DMPO–OH adducts (aN = 1.477 mT, aH = 1.485 mT; g = 2.0057) in H2O a) and 
DMPO-OD adducts (aN = 1.477 mT, aH = 1.485 mT; g = 2.0057) in D2O b). 
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Fig. S2. Experimental (black) and simulated (red) EPR spectra measured after 1 min of 
continuous UV irradiation in the presence of spin trapping agent DMPO. Catalyst loading, 
1 g L-1; acetate (10-3M); DMPO (20 mM); pH 9. The simulation represents EPR signal of 
the DMPO–OH adducts (aN = 1.475 mT, aH = 1.481 mT; g = 2.0057). 
 
 
Fig. S3: Experimental (black) and simulated (red, blue) EPR spectra measured after 1 min 
of continuous UV irradiation in the presence of spin trapping agent DMPO.Catalyst 
loading, 1 g l-1; acetate (10-3M); DMPO (20 mM); pH 3. The simulation represents a linear 
combination of DMPO–OH adducts (red: aN = 1.475 mT, aH = 1.475 mT; g = 2.0057) and 
DMPO-OCH3 adducts (blue: aN= 1.452 mT, aH= 1.091 mT; aH
γ = 0.121 mT; g = 2.0057). 
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5. Mechanisms of Simultaneous Hydrogen Production and Formaldehyde 
Oxidation in H2O and D2O over Platinized TiO2 
 
5.1 ABSTRACT 
The simultaneous photocatalytic degradation of formaldehyde and hydrogen 
evolution on platinized TiO2 have been investigated employing different H2O-D2O 
mixtures under oxygen free conditions using quadrupole mass spectrometery (QMS) and 
attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR). The main 
reaction products obtained from the photocatalytic oxidation of 20% formaldehyde were 
hydrogen and carbon dioxide. The ratio of evolved H2 to CO2 was to 2/1. The HD gas 
yield was found to be dependent on the solvent and was maximized in a H2O/D2O mixture 
(20%/80%). The study of the solvent isotope effect on the degradation of formaldehyde 
indicates that the mineralization rate of formaldehyde (CO2) decreases considerably when 
the concentration of D2O is increased. On the basis of the ATR-FTIR data, the 
formaldehyde in D2O is gradually converted to deuterated formic acid during UV 
irradiation, which was confirmed by different band shifting. An additional FTIR band at 
2050 cm-1 assigned to CO was detected and was found to increase during UV irradiation 
due to the adsorption of molecular CO on Pt/TiO2. The results of these investigations 
showed that the molecular hydrogen is mainly produced by the reduction of two protons 
originating from water and formaldehyde. A detailed mechanism for the simultaneous 
hydrogen production and formaldehyde oxidation in D2O is also presented. 
KEYWORDS: Pt/TiO2, hydrogen production, D2O, formaldehyde, photocatalytic 
reaction. 
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5.2 INTRODUCTION 
Simultaneous production of hydrogen with degradation of organic pollutants has been 
a subject of intense global research interest, since it could address the issues of both energy 
sustainability and environmental remediation at the same time.1,2 In both applications, 
photocatalytic reactions are initiated by exciting electrons from the valence band (VB) to 
the conduction band (CB) at the TiO2/water interface or in the bulk of the TiO2 particles 
following UV irradiation. Although both applications are based on the same photoinduced 
charge transfer occurring on TiO2 particles, sacrificial agents play a significant role as 
electron donor/acceptors for photocatalytic degradation reactions and hydrogen 
production. The photocatalytic degradation process involves the formation of reactive 
oxygen species (ROS), which can oxidize and degrade organic compounds. In this case, 
trapped electrons are readily scavenged by adsorbed molecular oxygen, which is essential 
to achieve the mineralization under aerated conditions. On the other hand, photocatalytic 
hydrogen production takes place under oxygen-free conditions which is achieved by 
photogenerated electrons, provided that their energy is sufficient to reduce protons to 
hydrogen molecules.3 In other words, the photocatalytic degradation of pollutants is 
initiated by a single electron transfer, whereas the hydrogen production is carried out via 
a two electron transfer process. To achieve dual-function photocatalysis, the photocatalyst 
TiO2 should be able to oxidize organic substrates with protons as an electron acceptor. 
A large variety of organic compounds, such as methanol, ethanol, acetic acid and 
acetaldehyde, have been used as sacrificial reagents which provide an efficient 
electron/hole separation due to the fact that they react irreversibly with photogenerated 
holes, resulting in higher quantum efficiencies.3,4 Indeed, the photogenerated holes either 
can react with surface Ti–OH groups, adsorbed water producing •OH radicals, or might 
be transferred directly to adsorbed organic molecules. Different studies have demonstrated 
that the continued addition of electron donors (sacrificial agents) is required for effective 
hydrogen production at the semiconductor conduction band with a consequential 
simultaneous degradation of the electron donating agent, such as an organic substrate, via 
a valence band reaction.5,6 Since the competitive reactions may take place between the 
adsorption of water and organic compounds on TiO2 surfaces, the primary events and the 
source of molecular hydrogen formed during the oxidation of organic molecules have not 
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yet been clearly determined. In order to get a better understanding of the reaction 
mechanisms under aqueous conditions, a simple system is advantageous; therefore, 
formaldehyde has been chosen as a model pollutant. 
In this work, details of the mechanism of the photocatalytic hydrogen evolution on 
platinized TiO2 from aqueous formaldehyde solutions in different concentrations of D2O 
have been investigated. The effect and the role of D2O adsorption on the photocatalytic 
activity have been considered. Particular attention is focused on the mechanisms of 
hydrogen production to determine whether the origin of the evolved molecular hydrogen 
is from water or formaldehyde. The photocatalytic degradation mechanism of 
formaldehyde in D2O was elucidated on the basis of the QMS spectrometer and further 
confirmed by ATR-FTIR spectroscopy data. 
5.3 EXPERIMENTAL SECTION 
5.3.1 Materials 
Platinized TiO2 photocatalyst powders (1 wt% Pt) were kindly supplied by H.C. 
Starck. Formaldehyde solution (37 wt. % in H2O) and deuterium oxide (D2O) (99.9 atom% 
D) were purchased from Sigma-Aldrich. Deionized water (H2O) was supplied from a 
Millipore Mill-Q system with a resistivity equal to 18.2 Ω cm at 25 °C. 
5.3.2 Photocatalytic Activity Measurements 
5.3.2.1 Quadrupole Mass Spectrometer  
The photocatalytic reactions were carried out in an experimental setup consisting of 
a gas supply, a mass flow controller, a 100 cm3 double jacket Duran and/or a quartz glass 
reactor with inlets and outlets, and a quadrupole mass spectrometer (QMS) for gas analysis 
(Hiden HPR-20). The system was continuously purged with argon as the carrier gas, the 
Ar flow was controlled by a mass flow controller (MFC) as schematically shown in Figure 
1.6  
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Figure 1. Experimental setup for the measurement of the photocatalytic H2 and CO2 
evolution. (Copyright 2014 Royal Society of Chemistry). 
In a typical run, 0.05 g of the photocatalyst Pt/TiO2 was suspended in 50 mL of an 
aqueous 20% formaldehyde solution by sonication. The suspension was transferred into 
the photoreactor and purged with Ar for 30 min to remove dissolved O2. Afterward, the 
reactor was connected to the mass flow controller and to the Q/C capillary sampling inlet 
of the QMS through metal flanges and adapters. To remove the air in the headspace of the 
reactor, an Ar gas stream was continuously flowed through the reactor before irradiation, 
until no traces of molecular oxygen or nitrogen could be detected by the QMS. The Ar gas 
flow rate through the reactor was kept constant at 10 cm3 min-1 during the photocatalytic 
experiments. The inlet flow rate/gas consumption by the QMS was 1 cm3 min-1 and the 
excess gas was directed toward the exhaust. The sampling rate of the QMS was in the 
millisecond time range, thus allowing a fast tracking of the reaction. After stabilization of 
the system background, the reactor was irradiated from the outside using a xenon lamp 
(light intensity 30 mW cm-2). For quantitative analysis of H2 and CO2, the QMS was 
calibrated employing standard diluted H2 and CO2, respectively, in Ar (Linde Gas, 
Germany). 
5.3.2.2 ATR-FTIR Spectroscopy 
Initially, an aqueous suspension of platinized TiO2 at a concentration of 5 g L
-1 was 
prepared and sonicated for 15 min in an ultrasonic cleaning bath. An aliquot of 400 µL of 
the TiO2 suspension was placed on the surface of the ZnSe ATR crystal and this small 
volume was simply spread by balancing the unit manually. The suspension was then 
evaporated to dryness by storing the crystal in a semiopened desiccator at room 
temperature. Prior to deposition of the TiO2 films, the ZnSe surfaces (area = 6.8 mm×72 
mm) were cleaned by polishing with 1 mm diamond paste (Metadi II, polishing grade) 
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and rinsed with methanol and deionized water. The coverage of the final dry layer of 
particles obtained was 2.3 g m-2 and the layer appeared to be very homogeneous under 
visual inspection. In the original preparation by Hug et al, Atomic Force Microscopy 
(AFM) measurements of layers with coverage of 2.3 g m-2 yielded a thickness of 1-3 µm.7 
The final resulting layers of particles remained stable over the entire course of the 
experiment. Thus, it was assumed that the effective path lengths at all wavelengths 
remained unchanged.  
The ATR-FTIR spectra of the TiO2 samples were monitored by a FTIR spectrometer 
(IFS 66 BRUKER) equipped with an internal reflection element 45º ZnSe crystal and a 
deuterated triglycine sulfate (DTGS) detector. The interferometer and the infrared light 
path in the spectrometer were constantly purged with argon and nitrogen to avoid H2O 
and CO2 contamination. The spectra were recorded with 300 scans at 4 cm
-1 resolution 
and analyzed using OPUS version 6.5 software. Irradiation of samples with UV(A) light 
were carried out using an LED lamp (Model LED-Driver, THORLABS) emitting UV light 
(365 nm). The distance from the UV lamp to the surface of the test solution was kept at 
30 cm in which the intensity of UV(A) light was 1.0 mWcm-2 as measured by a UV 
radiometer (Dr. Honle GmbH, Martinsried, Germany). 
5.4 RESULTS 
The photocatalytic reactions of formaldehyde were examined by the quadrupole mass 
spectrometer (QMS) and attenuated total reflection Fourier transform infrared 
spectroscopy (ATR-FTIR). The QMS experimental setup shown in Figure 1 allowed in 
line monitoring of the entire course of the reaction with the advantage of simultaneously 
detecting several gaseous compounds formed during the photocatalytic reaction. Figure 2 
shows the time course of the photocatalytic H2 and CO2 evolution from photoxidation of 
a 20 vol% formaldehyde in aqueous solution at pH 3.2. Before UV illumination was 
started, the time course of the investigated gaseous compounds was monitored in the dark 
for 60 min until their signals became stable. Typical results of QMS analysis in the 
photocatalytic reaction revealed that after the light was switched on, evolved gases such 
H2 and CO2 were observed and reached the region with different constant evolution rates. 
The H2 and CO2 evolution rates were determined from the difference between the baseline 
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(at the end) and the average of all measuring points obtained in the middle part of the 
curve (steady state region). In addition to the evolution of H2 and CO2, traces of CO gas 
were also detected with constant evolution rates (Table S1. in the Supporting Information). 
Additionally, as shown in Figure 2, the evolution rates of H2 and CO2 gas were observed 
to be regular and steady during the oxidation of formaldehyde within a period of 6 h. 
However, the amount of evolved molecular hydrogen was found to be more than double 
that of the quantity of CO2 generated. The rates for H2 and CO2 evolution were determined 
to be 54 and 24 µmol h-1, respectively. It was assumed that the photocatalytic oxidation 
of formaldehyde occurred according to Eq. (1), where the ratio of evolved H2 to CO2 is 
2/1. HCHO + H2O  Pt/TiO2→       CO2 +  2H2          (1) 
 
Figure 2. Photocatalytic H2 and CO2 evolution on platinized TiO2 from 20 vol% 
formaldehyde solution. Condition: 0.5 gL-1 Pt/TiO2, 50 mL suspensions, and UV 
illumination employing a xenon lamp (light intensity 30 mW cm-2). 
 
In order to understand the mechanism of the photocatalytic degradation of 
formaldehyde as well as to identify the origin of the evolved hydrogen gas, a series of 
photocatalytic degradations of formaldehyde on platinized TiO2 were performed for 6 h 
under UV irradiation at different concentrations of D2O. Table 1 shows the photocatalytic 
of H2, D2 and HD gas evolution from a 20 vol% aqueous formaldehyde solution in 
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different concentrations of D2O. The evolution of H2, D2 and HD gas were detected by 
mass spectrometery (QMS).  
Table 1. Photocatalytic Evolution of H2, D2 and HD on Platinized TiO2 from 20 vol% 
formaldehyde solutiona 
Experiments H2 
(a.u.) 
D2 
(a.u.) 
HD 
(a.u.) 
0%  D2O 2.2 0 0 
20% D2O 1.7 0.002 0.1 
40% D2O 1.4 0.01 0.3 
60% D2O 0.9 0.03 0.4 
80% D2O 0.2 0.2 0.6 
aCondition: 0.5 gL-1 Pt/TiO2, 50 mL suspensions, and UV illumination employing xenon lamp 
(light intensity 30 mW cm-2). 
 
It is clearly seen from table 1 that the photocatalytic H2 evolution significantly decreased 
with increasing D2O concentration. At the same time, the amount of HD and D2 increased. 
Additionally, the amount of evolved HD was found to be rather high in comparison to D2. 
The typical time courses of the photocatalytic H2, HD and D2 evolution rates from aqueous 
formaldehyde in H2O-D2O mixture (20%:80%) is shown in Figure 3. It is clearly seen that 
the signal of the appropriate gaseous compound increased directly after the lamp was 
switched on. Then the evolved gases, such as H2, D2 and HD reached their peaks with 
different constant evolution rates. When the light was switched off, the gas evolution rate 
rapidly decreased reaching the baseline of the corresponding compounds in the system. 
Interestingly, although the photocatalytic reaction was performed in 80% of D2O, the 
increases of evolved HD were much higher than those of D2 gas. These results clearly 
show the effect of solvent in the formation of molecular hydrogen during photocatalytic 
oxidation of formaldehyde.  
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Figure 3. Photocatalytic H2, D2 and HD evolution in H2O/D2O mixture (20%/80%) on 
platinized TiO2 from 20 vol% formaldehyde solution. Conditions: 0.5 gL-1 Pt/TiO2, 50 mL 
suspensions, and UV illumination employing a xenon lamp (light intensity 30 mW cm-2). 
 
Furthermore, D2O is expected to have an influence on the photocatalytic 
mineralization rate of formaldehyde on platinized TiO2 under UV irradiation which occurs 
simultaneously with the isotopic hydrogen evolution as shown in table 1. Figure 4 shows 
the photocatalytic evolution rate of CO2 in H2O at different concentrations of D2O on 
Pt/TiO2. It is obvious from Figure 4 that the constant evolution rates of CO2 have 
decreased gradually by increasing the concentration of D2O. The formation of CO2 
confirms the complete mineralization of formaldehyde through the oxidation of 
intermediates. The mineralization rate of formaldehyde (CO2), however, was significantly 
reduced when the photocatalytic reaction was conducted in the D2O solvent. On the basis 
of these results, we suggest that the adsorption of H2O/D2O plays a crucial role in 
photocatalytic reactions which may act as electron donors and electron acceptors for 
simultaneous hydrogen production and formaldehyde oxidation over platinized TiO2. 
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Figure 4. Photocatalytic CO2 evolution rates in H2O with different concentrations of D2O 
on platinized TiO2 from 20 vol% formaldehyde solution. Conditions: 0.5 gL-1 Pt/TiO2, 50 
mL suspensions, and UV illumination employing a xenon lamp (light intensity 30 mWcm-
2). 
For a better understanding of the reaction mechanism of this process at the platinized 
TiO2/aqueous solution interface, the adsorption behavior of formaldehyde on TiO2 
surfaces under UV irradiation was investigated by in situ ATR-FTIR spectroscopy. The 
time evolution of the adsorbed 20% formaldehyde spectra on Pt/TiO2 at pH 3.2 were 
performed in the dark for 2 h in pure water (a) and H2O–D2O mixture (20%:80%) (b), 
(Figure S1. in the Supporting Information). The FTIR spectra are reported in absorbance 
units, with subtraction of the spectrum of pure H2O (D2O) as background. The spectrum 
of formaldehyde adsorption shows different IR absorbances at 1025, 1248, 1435 and 2912 
cm-1 which are assigned to different types of CH2 vibrations 
8,9,10 (Figure S1a). When D2O 
was used instead of pure water as a background, the typical bands assigned to 
formaldehyde were also observed (Figure S1 b). Since the concentration of 20 vol% 
aqueous formaldehyde solution was prepared in water, the bands at 3400 cm-1 and 1450 
cm-1 were observed and assigned respectively to the OH stretching mode band of water 
and the isotopologue HDO bending band at 1450 cm-1 where the band attributed to the 
scissor modes of the CH2 at 1435 cm
-1 overlapped.11 
Prior to UV(A) irradiation, the spectrum of formaldehyde adsorption under dark 
conditions was taken as reference background spectrum. Figure 5. shows the time 
evolution of the FTIR spectra recorded during the photocatalytic decomposition 20% 
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formaldehyde in pure water (a) and H2O/D2O mixture (20%:80%) (b), respectively. The 
most striking feature here was the initially rapid upward shift in the baseline which was 
interpreted as transient and persistent diffuse reflectance infrared signals due to the 
population of conduction band electrons upon irradiation of TiO2 particles.
12 Furthermore, 
it can be clearly seen from Fig. 5a that during UV(A) illumination the formation of new 
bands at 1580, 1426 and 1342 cm-1 corresponding to νasym(COO−), δ (CHO) and 
νsym(COO−), respectively were observed.13 The bands detected at 2050 cm-1 during UV 
irradiation have previously been assigned in the literature to CO on Pt in the “on-top” 
position.14,15 Surprisingly, unlike the case of pure water, the band at 1426 cm-1 assigned 
to δ (CHO) was shifted to a lower frequency (1415 cm-1), whereas the bands at 1580 cm-
1 and 1342 cm-1, assigned to asymmetric νasym (COO−) and symmetric νsym (COO−) 
stretching vibrations, shifted to higher values at 1590 cm-1 and 1348 cm-1 respectively 
(Fig. 5b). Furthermore, two bands observed at 1730 and 1668 cm-1 were assigned to 
carbonyl groups with different vibration modes i.e., C=O, O-C=O.13,16 As can be seen in 
Figure 5, the appearance of new bands can be considered as evidence for such adsorption 
intermediates being formed during oxidation of formaldehyde which can most likely be 
attributed to photocatalytically generated formate/formic acid. These results indicate that 
the photocatalytic reactions and the behavior of formate/formic acid formed, however, are 
strongly influenced by deuterated water (D2O). 
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Figure 5.  Time evolution of the ATR–FTIR spectra of adsorbed formaldehyde (a) in pure 
water and (b) in H2O-D2O mixture (20%/80%) on platinized TiO2 under 7 h of UV(A) 
illumination. 
5.5 DISCUSSION   
The photocatalytic hydrogen production over platinized TiO2 during oxidation of 
formaldehyde was examined by the quadrupole mass spectrometry (QMS). It is well 
known that formaldehyde acts as an electron donor or a so-called sacrificial reagent for 
the photocatalytic H2 production at the surface of Pt/TiO2. It is obvious from Figure 2 that 
the amount of evolved molecular hydrogen was 2 times higher than that of the quantity of 
CO2 that was generated. The ratio of H2 to CO2 that was evolved was found to be 2/1 (eq. 
1). It was reported that the photocatalytic activity of H2 production depends strongly on a 
range of experimental parameters including platinum deposition, catalyst concentration, 
pH and concentration of formaldehyde.17 The effect of water adsorption, however, was 
expected in photocatalytic reactions which could use protons as electron acceptors for 
hydrogen production reactions. Isotopic studies show that different gases were evolved, 
namely H2, HD, and D2, which were formed during UV irradiation of the photocatalyst 
(Table 1). These results clearly indicate the effect of solvent (D2O) in molecular hydrogen 
formation during the photocatalytic oxidation of formaldehyde. Interestingly, although the 
concentration of D2O was higher (80%), the intensity of the signal assigned to HD 
increased and showed a maximum intensity during UV(A) illumination in comparison to 
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the signal of D2 (Figure 3). These results confirm that during photocatalytic oxidation of 
formaldehyde the protons from water molecule were involved as electron acceptors to 
produce molecular hydrogen. The adsorption of D2O was also found to play a role in the 
photocatalytic degradation of formaldehyde. As shown in Figure 4, the evolution rate of 
CO2 produced during UV irradiation was found to be maximized in pure water, and then 
decreased with the addition of increasing levels of D2O. In our previous study we reported 
that the isotopic exchange during D2O adsorption takes place on the surface of the 
photocatalyst in the dark by replacing hydroxyl groups adsorbed on the TiO2 surface (eq 
2).11 Ti − OH + OD−  ⟶   Ti − OD +  OH−              (2) 
Thus, under UV illumination, the photogenerated valence band holes could oxidize the 
deuteride ions adsorbed at the surface forming •OD radicals. Since the isotopic exchange 
reaction occurred on the catalyst surface, the kinetic isotopic effect was expected during 
the phototcatalytic reaction. The first primary kinetic solvent isotope effect on a 
photocatalytic oxidation reaction was reported by Cunningham et al.18 This behavior was 
confirmed by Robertson et al. who also proposed that the photocatalytic reactions take 
place on the catalyst surface rather than in the bulk of the solution.19 As shown in Figure 
4, the reduced rate of photocatalytic activity was clearly observed in the presence of D2O. 
This result again confirms the role of the solvent as an electron donor which is involved 
in the photocatalytic oxidation of formaldehyde. Robertson et al. proposed that the 
reduced rate of photocatalytic degradation may have been due to •OD radicals having a 
lower oxidation potential in comparison to •OH radicals.20 It was reported however, that 
both holes and hydroxyl radicals acted as oxidizing species both directly and indirectly, 
for the degradation of formaldehyde.17 Although the formation of CO2 confirmed the 
complete mineralization of formaldehyde as the final oxidation, primary intermediate 
products were however generated during the photocatalytic process. In-situ ATR-FTIR 
studies of the photocatalytic reaction of formaldehyde revealed the formation of new 
bands of carboxylate groups at 1580 cm-1 and 1342 cm-1 which were assigned to the 
asymmetric νasym (COO−) and symmetric νsym (COO−)  stretching vibrations of formate 
adsorption (Figure 5a). Sun et al. reported that the formaldehyde molecules could be 
adsorbed to the hydroxyl groups on the TiO2 surface via hydrogen bonding. Under UV 
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irradiation, however, the adsorbed formaldehyde rapidly converted to the formate species 
and adsorbed through the bridging bidentate structure.21 Interestingly, when a H2O/D2O 
mixture (20%/80%) was used instead of pure water, the band at 1426 cm-1 assigned to δ 
(CHO) shifted to a lower frequency (1415 cm-1) while the carboxylate band shifted to 
higher frequency (Figure 5b). Surprisingly, unlike the case of water, different vibration 
modes of carbonyl groups were observed at 1730 cm-1 and 1668 cm-1 (Figure 5b). Taking 
into account, that the pKa value in D2O should be higher than that in H2O, the protonation 
of formic acid becomes more favorable in D2O.22 From these results we suggest that in 
the presence of D2O the formaldehyde was most likely gradually converted to deuterated 
formic acid (HCOOD) during the photocatalytic reaction. It is worth noting that, a 
competitive reaction between the adsorption of H2O/D2O and formate/formic acid may 
occur during photooxidation of formaldehyde. On the basis of findings by Medlin et al. 
the adsorption of water induces the dissociation of formic acid to formate on the Pt/TiO2 
surface. These transformations can have an important influence on elementary reaction 
steps and the rate of photocatalytic decomposition of formic acid on Pt/TiO2.
23 Our 
previous work revealed, however, that the isotopic exchange leads to a new constructive 
interaction between the adsorbate/intermediate and the OD group.24,25 Due to the kinetic 
solvent isotope effect, we suggest that the oxidation of formaldehyde mainly occurs 
directly by •OD radicals resulting in deuterated formic acid (HCOOD) as an adsorbed 
intermediate. Subsequently, the deuterated formic acid adsorbed reacts through direct 
oxidation by valence band holes (photo-Kolbe reaction). Simultaneously, the 
photogenerated electrons reduce H+ and D+ originally coming from formaldehyde and 
D2O to form molecular HD. The details of the proposed mechanism of simultaneous 
hydrogen production and formaldehyde oxidation in the presence of D2O are presented in 
Eqs. (3–10): Pt/TiO2 → e−(Pt) + h+ (TiO2)               (3) D2O + h+ → OD• +  D+                             (4) HCHO + OD• → HCOOD +  H•                 (5) H• + h+ →  H+                                              (6) D+ + H+ + 2e− → HD                                (7) HCOOD + 2h+ → CO2 + H+ + D+          (8) D+ + H+ + 2e− → HD                                (9) 
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HCHO + D2O  Pt/TiO2→       CO2 +  2HD           (10) 
Moreover, the band observed at 2050 cm-1 during UV irradiation was assigned to the CO 
adsorbed on Pt in the “on-top” position.14 Two different sources for CO gas formation can 
be explained by decarbonylation of formaldehyde or/and dehydration of formic acid.26,27 
Since the evolution rate of H2 (54 µmol h-1) was more than twice that of CO2 (24 µmol h-
1) according to Figure 2, we suggest that the formation of CO is most likely caused by 
decarbonylation of formaldehyde (eq 11). HCHO →  CO + H2          (11) 
Nakahara et al. reported that (eq11) was based on the proton-transferred decarbonylation 
of formaldehyde, where one proton was intramolecularly transferred to the other proton 
attached to the same carbonyl group to form a hydrogen-hydrogen bond, followed by 
carbonyl group elimination through a breakage of two hydrogen-carbon bonds resulting 
in carbon monoxide and hydrogen.28 It seems likely, however, that the photocatalytic 
oxidation of formaldehyde was the dominant pathway for hydrogen production. 
5.6 CONCLUSIONS 
The effect of D2O on the photocatalytic H2 and CO2 evolution during the degradation 
of 20% formaldehyde has been extensively studied using different concentrations of D2O 
(0-80%). The experimental results have shown clearly the role of the solvent in both 
hydrogen production and formaldehyde oxidation as an electron acceptor (protons) and 
electron donor respectively. The solvent isotopic effect indicated that the photocatalytic 
oxidation of formaldehyde was found to take place through •OH radicals at the valence 
band, while the photocatalytic hydrogen production mainly occurred at the conduction 
band by the reduction of two protons originating from water and formaldehyde. 
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5.9 Supporting Information 
 
Table S1. Evolution of traces of CO gas.  
Experiments 0% D2O 20% D2O 40% D2O 60% D2O 80% D2O 
CO (a.u.)× 10-10 0.6 0.4 0.4 0.4 0.3 
 
 
 
Figure S1.  Time evolution of the ATR–FTIR spectra of adsorbed formaldehyde a) in 
pure water, b) in H2O-D2O mixture (20%/80%) on platinized TiO2 in the dark for 2 h. 
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Figure S2.  Absorption spectrum of suspended TiO2 particles in water and irradiance of 
30 mWcm-2 Xenon lamp in the range of 295-450 nm. 
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Chapter 6 
6 Summary and Outlook  
6.1 Summary and Conclusions 
The surface chemistry of water interacting with TiO2 is crucial to many practical 
applications of photocatalysis, including photoinduced hydrophilicity, photocatalytic 
oxidation and hydrogen production.  
This thesis presents spectroscopic and mechanistic studies of photocatalytic reactions 
employing TiO2 in aqueous solution. As an in situ technique, ATR-FTIR studies provide 
a better understanding of the mechanism of photocatalytic reactions at the TiO2/water 
interface. This technique appears most efficient in characterizing surface hydroxyl groups, 
adsorbates and complexes or intermediates formed at the surface of TiO2 as shown below 
(Figure 6.1). 
 
Figure 6.1: Scheme representing the ATR-FTIR principle. 
A number of interesting and important conclusions emerge from the results of the isotopic 
studies of the H2O/D2O adsorption as a function of UV irradiation, and its impact on 
surface interactions and photocatalytic reaction behaviour for photoinduced 
hydrophilicity, photocatalytic degradation and hydrogen production. The results obtained 
are summarized below. 
6.1.1 Photoinduced Hydrophilicity of TiO2 
Since the photoinduced hydrophilicity was reported as a result of increasing the 
number of hydroxyl groups on the TiO2 surface upon UV irradiation, different models 
have been proposed to explain the mechanism leading to the hydrophilicity phenomenon 
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on the TiO2 surface such as the generation of surface vacancies, the photo-induced 
reconstruction of Ti–OH bonds, and the photocatalytic decomposition of organic 
adsorbents. In an effort to determine the possible mechanism behind the formation of 
additional hydroxyl groups upon UV illumination, the interaction of adsorbates with TiO2 
surfaces has been investigated.  
Here, the photoinduced hydrophilicity of the TiO2 film was studied through in situ ATR-
FTIR measurement of the OH/OD stretching bands during the adsorption of a H2O-D2O 
mixture on the TiO2 surface. The results of this investigation showed that the deuteride 
ions exhibit stronger adsorption ability than hydroxyl ions resulting in an isotopic 
exchange reaction which takes place in the dark. The illumination of TiO2 with UV light 
in the presence of O2 leads to the formation of OH and OD groups, which in turn increase 
the hydrophilicity of the TiO2 surface. Interestingly, when the system is subsequently 
stored again in the dark, no isotopic exchange is observed between hydroxyl groups and 
deuteride ions. These results suggest that the increase in the amount of OH and OD groups 
under UV irradiation is most likely caused by the photoadsorption of H2O and D2O rather 
than by the dissociative H2O and D2O adsorption at surficial oxygen vacancies. 
For further understanding of the mechanistic details of the hydration of TiO2 surfaces 
during UV illumination, information regarding the effect of electron acceptors and donors 
on the TiO2 surface under illumination is required. Here, the influence of molecular 
oxygen (serving as an electron scavenger) and ethanol (serving as a hole scavenger) on 
the hydroxyl group and/or water hydration behaviour was examined. It was found that the 
adsorption of water and D2O are significantly increased in the presence of molecular 
oxygen. In contrast, when the solution was saturated with argon or nitrogen, no additional 
adsorption of water and D2O was detected and the hydrophilicity was strongly inhibited. 
These results clearly indicate that the presence of O2 is necessary to enhance the 
photoadsorption of H2O and D2O on TiO2 surfaces during UV(A) irradiation which is 
suggested to be caused by a photoinduced charge transfer process (Figure 6.2). 
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Figure 6.2: Interaction model of adsorbed water during UV(A) light irradiation in the 
absence and presence of oxygen molecules. 
On the other hand, it was reported that the photogenerated holes play a crucial role in the 
photoinduced hydrophilicity. ATR-FTIR studies of the effect of adsorbed ethanol (hole 
scavenger) on water and deuterium oxide adsorption on the TiO2 surface showed a 
stronger adsorption capacity for ethanol compared to both H2O and D2O. The adsorption 
of molecular ethanol on the TiO2 surface in the presence of D2O revealed an isotopic 
exchange between ethanol and deuterium ions (D+) resulting in the formation of 
deuterated ethanol, Et(OD). It was also found that the dissociation of deuterated ethanol 
may occur on the TiO2 surface in the dark resulting in the formation of ethoxide at Ti
4+ 
and D at neighboring basic surface sites. Eqs. (6.1)-(6.2).  CH3CH2OH + D+  ⟶   CH3CH2OD +  H+              (6.1) CH3CH2OD ⟶  CH3CH2O − Ti +    O − D             (6.2) 
 
When the system was subsequently illuminated with UV(A) light, the surface of TiO2 
becomes enriched with adsorbed H2O and D2O replacing photodesorbed ethanol 
molecules. Although the photocatalytic degradation of ethanol on the surface was taken 
into account, it seems that during UV light irradiation the particle network might be 
responsible for the enhancement of the water adsorption on a TiO2 particle film due to a 
new distribution of the particle network by thermal processes. ATR-FTIR studies of the 
effect of O2 revealed a similar behaviour of water and D2O adsorption even though these 
studies were performed in the absence of molecular oxygen. Several theories from the 
literature can explain this experimental observation, such as the replacement of surface 
impurities that are photocatalytically being destroyed, the exchange of adsorbed water 
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molecules by the thermal desorption of ethanol or the increase of hydroxylation by 
augmentation of surface area due to the deaggregation of the particle agglomerates.  
On the basis of the results obtained here, it can be concluded that the photoinduced 
hydrophilic effect is achieved by an increase in the amount of adsorbed H2O molecules 
and that this phenomenon occurs not only by a photoinduced charge transfer process 
(photoinduced adsorption/desorption and photocatalytic reaction) but also by a thermal 
process (thermal desorption of substrate and de-aggregation of particle) (Figure 6.3). 
 
Figure 6.3: Proposed mechanism of photoinduced hydrophilicity on the TiO2 surface: 
thermal and photoinduced charge transfer processes. 
6.1.2 Photocatalytic Degradation of Organic Compounds 
For photocatalytic degradation systems, it is well known that the adsorption of molecular 
oxygen, water and organic compounds on the TiO2 surface play a significant role as 
electron donor/acceptors for photocatalytic degradation reactions. However, the 
competitive reactions between adsorbed species such as water and organic compound are 
expected to affect the photocatalytic reaction pathway. In the presence of O2, it was found 
that the photocatalytic degradation of the organic compound (acetate) depends strongly 
on two factors, that is the adsorption behaviour of the substrate on the TiO2 surface and 
the effect of the reactive oxygen species formed. As expected, ATR-FTIR studies of the 
acetate adsorption in D2O revealed a new constructive interaction between the acetate and 
the OD group at the TiO2/liquid interface due to the isotopic exchange reaction which had 
a clear effect on the behaviour of adsorbed acetate. The isotopic study revealed that at pH 
values close to the pHzpc, the acetate molecule preferentially adsorbs on the positively 
charged TiO2 surface in a monodentate structure as shown below (Figure 6.4).  
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Figure 6.4: Schematic representation for the adsorption of acetate on anatase surface 
(UV100) in D2O in the dark at pH 6. 
 
Additionally, it was found that the adsorption behaviour and the photocatalytic activity 
for the decomposition of acetate both depend strongly on the pH of the suspension. ATR-
FTIR studies on this pH effect clearly indicate that at low pH, the formation of a bidentate 
structure involving two distinct Ti atoms is favoured due to the interaction of TiO2 with 
acetate anions, while at high pH, the negatively charged surface repulses the negatively 
charged acetate anions resulting in weak bonds such as hydrogen bonds or dipole–dipole 
interactions (Figure 6.5). 
            
Figure 6.5: Schematic representation for the adsorption of acetate on anatase surface 
(UV100) in the dark at pH < pHzpc (A) and pH > pHzpc (B). 
Furthermore, the effect of pH under UV irradiation, showed the formation of CO2 and 
H2O2 at higher pH which can be considered as evidence for such adsorption intermediates 
being formed during the oxidation of acetate. In contrast, no formation of the product CO2 
was observed at lower pH. These results suggest that the pathway for the degradation of 
acetate during UV irradiation is different and related to the pH of the solution.   
Moreover, additional insight into the photocatalytic reaction pathways of acetate at 
different pH was obtained using EPR studies. The results of this investigation clearly 
showed the existence of different radical intermediates representing spin adducts of 
DMPO-OH at pH 9 and DMPO-OCH3 at pH 3. This observation reveals that the oxidation 
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of acetate at low pH values occurs mainly through the direct oxidation by holes (h+) 
resulting in the well-known Kolbe decarboxylation with the formation of methyl radicals, 
while at high pH values the degradation of acetate mainly occurs by indirect oxidation via 
hydroxyl radical (•OH) attack (Figure 6.6).  
Based on the conducted experiments it was suggested that the adsorption behaviour of 
acetate as well as the adsorption of water on the TiO2 surfaces play a vital role for the 
trapping of photogenerated charge carriers upon UV(A) irradiation, which is strongly 
dependent on the pH of the suspension. 
 
 
Figure 6.6: Proposed mechanism for the photocatalytic reaction of acetate at pH > pHzpc 
(A) and at pH < pHzpc (B). 
 
6.1.3 Photocatalytic Hydrogen Production 
For photocatalytic water splitting systems forming molecular hydrogen, water is expected 
to have an influence on the photocatalytic reaction in terms of the source of molecular 
hydrogen formed as well as for the oxidation of organic molecules. The experimental 
results show that the treatment of formaldehyde as organic compound in water with the 
use of Pt/TiO2 as the photocatalyst and UV radiation under oxygen free conditions results 
in the photocatalytic oxidation of formaldehyde with the simultaneous production of gas-
phase hydrogen (Figure 6.7).  
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Figure 6.7: Photocatalytic H2 and CO2 evolution on platinized TiO2 from formaldehyde 
solution. 
 
It is well known that titanium dioxide is photocatalytically inactive for water splitting to 
produce molecular hydrogen, whereas the addition of formaldehyde as an electron donor 
can dramatically enhance its photocatalytic activity for hydrogen production. This effect 
has been attributed to the role of formaldehyde as a hole scavenger or hole trap allowing 
efficient separation of the electron‐hole pair to help the separated electrons to catalyze the 
water splitting reaction. 
The results of quadrupole mass spectrometery (QMS) investigations indicate that 
formaldehyde acts as a sacrificial reagent that is, as an electron donor and that the amount 
of evolved molecular hydrogen was found to be more than twice as high as the double of 
the quantity of CO2 generated. However, it was assumed that the photocatalytic oxidation 
of formaldehyde occurred according to Eq. 6.3, where the ratio of evolved H2 to CO2 is 
2/1. HCHO + H2O  Pt/TiO2→       CO2 +  2H2          (6.3) 
Qualitative analysis of the isotopic studies showed the evolution of different isotopic 
hydrogen gases, namely H2, D2, and HD with different quantum yields for their evolution. 
These results indicate that during the photocatalytic oxidation of formaldehyde the protons 
from the water molecules were involved as electron acceptors to produce molecular 
hydrogen. Additionally, it was found that the evolution rate of CO2 produced during UV 
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irradiation is the highest in pure water and then decreases with the addition of increasing 
concentration of D2O. This behaviour could be explained by the lower oxidation potential 
of •OD radicals in comparison to •OH radicals (2.8 (V/ENH)). This result again confirms 
the role of the solvent which as an electron donor is involved in the photocatalytic 
oxidation of formaldehyde. As expected, the isotopic exchange at the TiO2/D2O interface 
leads to a new constructive interaction between the adsorbate/intermediate and the OD 
group. Moreover, ATR-FTIR results of the solvent isotope effect on the degradation of 
formaldehyde revealed that during UV(A) irradiation, the formaldehyde in D2O is 
gradually converted to deuterated formic acid which is confirmed by different band 
shifting in FTIR spectra. The FTIR results also showed that water appeared to perturb the 
structure of adsorbed intermediates through the conversion of bidentate formate to 
monodentate formate as shown below (Figure 6.8). 
 
Figure 6.8: Effect of D2O on formaldehyde photocatalytic decomposition on Pt/TiO2. 
The mechanistic investigations of the photocatalytic hydrogen production in the presence 
of D2O indicate that H2 is mainly produced by the reduction of two protons originating 
from water and formaldehyde. Solvent isotopic effect studies demonstrate that the 
photocatalytic reaction pathways depend strongly on the water adsorption behaviour on 
the TiO2 surface for the photocatalytic degradation and for the hydrogen production 
(Figure 6.9). 
Finally, it is concluded that the interaction between H2O and titanium dioxide plays a 
central role in many photocatalytic reactions such photoinduced hydrophilicity, 
photodegradation of organic pollutants and photocatalytic hydrogen production. 
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Figure 6.9: Proposed mechanism of the photocatalytic hydrogen formation from the 
oxidation of Formaldehyde in D2O. 
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6.2 Outlook 
The solid-liquid interface plays a fundamental role in many photocatalytic reactions. 
However, mechanistic studies of the processes occurring at solid/liquid interfaces still do 
not show a clear picture of these processes due to the complexity of the system. 
Investigations using isotopically labelled solvents present one of the most successful 
strategies to improve our understanding of the fundamental mechanism of TiO2 
photocatalysis. 
The use of deuterium oxide (D2O) as solvent instead of water is advantageous because the 
catalytic properties of liquid/solid interface during the photocatalytic process may be 
drastically different thus allowing a good distinction between different reaction 
mechanisms. 
In situ ATR-FTIR spectroscopy is one of the most promising spectroscopic methods 
applied in heterogeneous catalysis. It is a versatile technique that allows monitoring of the 
interaction between reacting molecules with the catalyst surface. Therefore, the 
combination of ATR-FTIR spectroscopy with solvent isotopic labeling (D2O) and 
molecular modeling appears to be very useful to assign specific vibrations of interacting 
species.  
The results presented in this thesis shows the feasibility of the in situ ATR-FTIR 
spectroscopic method to investigate the behaviour of adsorbed species, intermediates and 
products at the catalyst surface, and also to study the reaction pathways and kinetics at the 
TiO2/water photocatalytic interface. The combination of ATR-FTIR studies with other 
spectroscopic methods such as QMS and EPR are important steps for further exploration. 
Another direction to expand the present studies at photocatalyst surfaces is to investigate 
the influence of UV(A) light on the behavior of different adsorbates on the  TiO2 particle 
network to elucidate not only the fundamental understanding of photoinduced charge 
transfer processes but also the thermal processes (thermal-desorption and deaggregation 
concept). 
Further investigations are required using the combination of ATR-FTIR spectroscopy with 
pure isotope labeling (D2O
18), kinetic modeling to provide a deeper understanding of the 
reactions taking place on the catalyst surface and also to reveal previously unknown 
mechanistic steps of TiO2 photocatalysis. 
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